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ON-LINE COMPUTERS 


1. A batch, processing computer is one which accepts a set of 
programs, processes than in sequence and outputs the results* 
The block diagram of such a general purpose foatcE processing 
computer is shown below 



Block diagram of a General Purpose 
Batch processing Computer 


2. a user codes his prob Ion-solving procedure in a higher 
level language such as FORTRAN* The program is fed alongwith 
the data through the input unit* A translator resident in 
the machines memory translates the users’ program into a 
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series of machine language statements and executes it 

3. In a large Modern Comput r a user is al owed to write his 
pro* am in one of many languages . Typical languages are 
PORTR/Jl, COBOL, AICOL-Basio,PL/i. Besides larguages, a large 
number of ready-made programs p; - e prodded to solve 
frequently occuring problems,, 

4. A very important class of computers used extensively aye 
known as f, 0n line-real time-control computers’’. 

An on-line computer receives its input from a physical 
system. For example, the inputs may be voltages and currents 
measured in a power system. It may be temperature, pressure, 
flow rate etc. of a chemical process. Such physical quanti- 
ties vary continuously as a function of time and are known as 
analog signals’*. Before the value of such analog signals 
may be stored by a computer they h a ve to be sampled at 
discret instants of time end their values expressed as binary 
numbers. This is nonaaliy done by a unit called an ’’Analog to 
Digital Converter, ’ ’ 

5* A computer is said to be real time if it accepts inputs from 
a process or system and sends out outputs compatible with 
the immediate needs of the process or system. For example * a 
which samples variables such as temperature, pressure etc. 
of a continuous process and adjusts the flow rate as the 
process operates is said to be on line and real time. A 
computer which receives signals from a space vehicle and 



sends out commands to the astro nuut is reel time as the astronaut 
has to :>ntrol the vehicle ns tan t by inst jit. It is, however, 
not on-line because the output commands are communicated to the 
astronaut and he obeys them as part of a ’control loop'. 

6. An on-line computer has co receive its inputs from a number 
of different types of units* Some inputs may come from relay 
contacts and are thus already two-valued. Other inputs need to 
be converted by a/D converters before they are fed to the 
computer. The outputs from the computer after processing may 

also have to be fed to both digital and analog devices. 

Typical digital devices to be operated by the output may be 
relay coils and electronic flip-flops. Analog devices may be 
inputs to continuously acting controllers. In this case the 
digital output from the computer has to be converted to 
continuously varying output by Digital to Analog (D/a) 
convert -re. 

7. The block diagram of an -on-line computer with „a variety of 
inputs and outputs is shown on page ( 

8. When a large number of input signals are fed to the 
computer it is necessary to ac&ept them in some order. The 
memory can cater to only one Input signal at a time. There 
are two methods which are used. One is to order the inputs 
in a preassigned way and cater to them according to this 
order. This is called a synchronous I/O method , Another 
method is to let the input unit interrupt the computer 'when 



the input i s ready to ue taken in. The computer can then 
suspend Js work, attend to the interrupt and than proceed 
If more than one input interrupts at a time a priority should 
be assigned amongst the inputs so that the higher priority 
interrupt is attended to first. This is called a 'priority 
interrupt* system. 



Block Diagram of A 

On-line Computer with variety of Inputs and Outputs 
9. When a number of inputs are sensed and a number of outputs 
are generated there would in general be a number of distinct 
programs which will generate a set of output based on a set of 
inputs, fhus an on-line computer should be able to accommodate 









simultaneously in its memory a number of programs. Such a 

system is called a 'multi- rogrammed’ computer. A supervisor 
program is needed to schedule the order of execution of varioiais 
various programs. It is also needed to protect one program 
from being overwritten by another program. Protection may be 

provided by the so called ’memory protect’ feature. 

The supervisor program would itself reside in memory in 
a protected area and receive top most priority. The supervi- 
sor programs are quite complex. The IBM 1800 on line computer 
has two types of supervisors. One is called MPX (Multiprogra- 
mming executive) and the other TSX (Time shared Executive). 

10. Besides the 'on-line programs' the computer may also be 
working on a back-bround job of low priority. In an on-line 
real time computer controlling a nuclear plant, for instance, 
an inventory control program may be running as a background 
job. 

11. Even though the above possibility is touted by sales 
personnel in practice real time machines are better used as 
dedicated machines tuned for specific control and data 
logging jobs. 

12. Over the past three years a revolution has taken place 
in electronics. It is the advent on the Extra large Scale 
Integrated Circuits. In such a circuit in one chip of 

1' ’ an entire computer arithmetic and control unit may be 
fabricated. Further they are mass manufactured. Similarly 
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one chip accommodates the entire memory and one chip the 
I/O coi irol circuits. Thu * with three chips we can make up 
an entire computer. This is called a Microcomputer. 

Imported Microwomputer kits cost around Dollars 500. A 
teletypewriter or a visual display unit and keyboard have to 
be added to this machine. This I/O unit dominates the cost 
and costs around Dollars 2000. 

13. In India we make real time computefs now. The TDC-312 
and TDC-316 computers are made by Electronics Corporation 
of India» Hyderabad. A dual TDC-316 is being tested for the 
Fast Breeder Reactor Control at Kelpakkam. The primary 
concern is a highly reliable fail-safe operation and two TDC- 
316 s works in parallel and check one another. A TDC-3^2 has 
been installed at Bhilai Steel Plant (with IIT/k consultancy ) 
to control the Billet-cutting operation in a rolling mill. 

A Westinghouse on-line real time computer has been 
installed at Tata Electric Company Load Despatch Station at 
Trombay. 

14. ECI1 is now manufacturing and marketing a micro -computer 
named MICRO-78. This can be used for some simple control 
applications. It costs around Rs. 70,000. 

15. The current problem is software tailormade for various 

real time applications. This is a challenge which the 
users have to take up. Such development effort needs engin- 
eers well versed in modelling their processes and in software 
design. 



IDO -316 is a small, high speed, third generation digital 
computer incorporating the most contemporary system archi- 
tecture. It is a multiple register, 16 -bit word length 
parallel machine employing 2’s complement arithmetic. It 
has a variable instruction length (one to three words) and 
both single and double address instructions are available 
in its powerful instruction repertoire. In addition to the 
words, individual 8-bit bytes are also addressable and can 
bo manipulated by instructions operating on bytes. A 
variety of addressing modes are available giving the machine 
a great amount of flexibility and power. 

Memory : 

It has a random access coincident current core 
memory using 3 wire organization. 'The memory has 1 psec 
cycle time and 300 psec access time. The basic system has 
8K words core memrry expandable to 28 K words without memory 
allocation and protection (MAP) option. With MAP option, 
the memory capacity can be as high as 12 AK words or 248K 1 

bytes. (IK = 1024 words). 

Buses 1 

TDC-3I6 has a dual bus structure intermixed bus (I-bus) j 
and a memory bus. The processor can transact with input/ outpui 
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devices through the intermixed bus, and with memory modules 
through the memory or the intermixed buses. High speed 
devices like magnetic tape and magnetic disk can have 
direct access to the memory without the intervention of the 
processor. They can be connected as Direct Memory Access 
(DMA) devices to the memory or intermixed buses. The buses 
are independent of each other, facilitating simultaneous 
operations on both the buses. The bus transactions are 
essentially similar on both the buses. 

Priority Structure : 

An 8-level automatic priority interrupt scheme is 

provided with TDC-3I6. The processor itself can be assigned 

to one of these eight levels. Only the devices on a priority 

level higher than the processor level can interrupt the 

processor operations. By setting the processor to the 

highest priority level all the devices can be disabled from 

causing an interrupt. Similarly all the devices can be 

enabled for interruption by giving the processor the lowest 
Another interrupt request of higher priority 
pribrits^an be entertained within an interrupt service routing 

itself resulting in nesting of interrupts. 

G-eneral -Purpose Registers : f 

TDC-3I6 provides 15 addressable 16-bit word length j 

j 

general purpose registers organized as fast access scratch I 



storage within the 1PU. Th^se registers can be addressed by 
an instruction for ope rand/ result storage and for holding 
the 16-bit address pointer to the memory operands or the 
16-bit index quantity for computing the operand effective 
address whenever indexing is specified. Subroutine control 
instructions can select anyone of these registers as subroutine 
linkage register to transmit arguments and/ or the return 
address to the called routine. 

Stack : 

TDO-3I6 has a built in stack structure for handling 
nesting of interrupts and subroutine calls as well as for 
convenient implementation of dynamic storage allocation 
algorithms for temporary variable storage. Addressing modes 
permit addition and deletion of items to the top of stack as 
well as operations on the items at the top of the stack 
designated by a stack pointer register which can be any of the 

addressable general purpose registers. ! 

f 

.. ' , j: 

j 

j 

Encountering certain illegal conditions within the | 

processor during the execution of an instruction causes a '< 

1 

•trap* which is equivalent to an interruption in the current | 
program execution with the difference that the source of | 

interruption is internal to the processor itself. The 
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processor continuo sly -checks for t.ll ’trap’ conditions during an 
instruction execution and causes program control switchover 
to a unique trap service routine depending upon the trap 
type, after saving the current processing environment that 
resulted in trap. This feature considerably simplifies 
the program testing and debugging. Certain 'Trap* instru- 
ctions can be deliberately inserted in the program to call 
various service facilities incorporated in the form of trap 
service routines. 

Addressing Modes : 

The various addressing modes of TDC-3I6 lend it the 

power to do tasks of a wide variety. By means of these 

modes the addressing capabilities available are relative, 

1 i 

immediate, indexed, register and stack (autodecrement/ 

-i 

auto increment ) modes of addressing. One level of indirection 
is also available with each of these modes, further operands 
for a memory reference instruction can reside anywhere in the 
memory, I/O registers or any of the program addressable t 

I 

registers. I 

Instruction Set : 

I 

TDC-3I6 has a powerful set of instructions. Instructions | 
may have two operands, one operand or no operands. Various 
operations are available for manipulating integers, boolean | 
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vectors and characters. Fast multiply/ divide instructions 
arc implemented in hardware, h wide variety of powerful 
conditional branches are available. 

Reference : 

For further details, consult the System Manual of TDG-3I6 
published by the Electronics Corporation of India Ltd. , 
Hyderabad. 



Automatic Ger. oration Control 


Automatic General Control (AGO) earlier called as the 
Load Frequency Control (LFC) is essential for the proper 
operation of an interconnected power system. 

The objectives of the AGC are as follows j 

1) Each area must regulate its own load fluctuations (if 

possible) I 

2) Each area must contribute to the control of system 
frequency 

3) In steady state frequency and not lie-line interchanges 
are returned to schedule in all areas (if all areas can 
regulate their own load fluctuations) 

| 

4) The transient swings in frequency should be minimized. 

' ! 

This should be done without too much control effort and 
without exceeding equipment limitations. Also it is 
desirable not to havo too many control signals. 

The load frequency control methods has been described by 
Cohn based on static analysis. Concordia and Kirch mayer 
conducted analogue computer studies to study the dynamic 

i 

behaviour of the LFC systems Elgerd and Fosha have applied 

: 

optimal control theory for synthesizing the control law. 

\ 

However, a proper understanding of the practical problems and : 

: 

control objectives is necessary to design suitable IFC. Ross, ' 
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Glavitsc and Gal i ana, Glov and Sohweppo have 
presented better and advanced techniques of LFC. 

Modelling for AGO 

The matching of total generation to load is termed as 
regulation. When the load increases in a particular area, 
the generators in that area slow down and the frequency drops. 
The turbine governors act to increase the power input to the 
generator and the system reaches a steady state at a lower 
value of frequency. The tie line powers are also altered 
as the other areas supply power to the deficient area. This 
is a natural process and the regulation based on this is 
called the natural regulation . The contribution of power 
from each area is decided by the governor characteristics such 
as dead band and permanent droop. For a given area all the 
generators in that area can be represented by a single 
equivalent generator and governor to simplify the analysis. 

Automatic generation control provides supplementary 
regulation so as to alter the net contribution of each area 
and maintain the frequency at its scheduled value. This is 
achieved through speed changer motor on the governor. 

The block diagram of the AGO for any area is shown in 


Fig. 1 
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/.-if is Che change in the ter unit frequency, and 

an the load power ond tie line power respectively. The 
damping term D includes load damping. 

The governors are either the mechanical -hydraulic 
type or the electro-hydraulic type. The mechanical- 
hydraulic governer block diagram is shown in Fig. 2. The 
electro-hydraulic system is also similar. 

The block diagram of a hydro turbine is shown in Fig. 3 . 
The steam turbine models are more complicated and it is also 
necessary to include the boiler response for the AGO studies 
as the time period is over 10 seconds. 

Conventional LFC : It has been shown by Cohn that tie line 

bias control is the best method for LFC and has been widely 
adopted. It has also been demonstrated that its dynamic 
response is better than the flat tie line or flat frequency 

control. 

In the tie line bias control, each area acts to reduce 
the area control error (ACE) given by 

ACE = P t±e + B A\f 

where B is called the frequency bias. For the bias set equal 
to the area frequency response characteristic (AFRO), (g) , the 
system is non interactive for slow transients. 





TL 3 controller used i the proportional integral (PI) 
type given by 

u = KX + j^LcE dt 

I 

The integral controller is responsible for reducing ACE 
to zero in steady state. The constants K and T determine 

Jr 

the speed of response. Typical values are 

lip = 0.1 - 1.0 and T = 10 - 30 secs. 

A high value of results in fast response for large 
disturbances. However, it makes the mechanical power 
follow small random disturbances in steady state. 

A hierarchical control structure is used for the liPC 
system. The load frequency controller generates control 
signal for the entire area from area control error while 
each generating unit is controlled individually, based on the 
deviations in the local frequency and the unit power output. 
The economic dispatch program is interposed between the 
lower and the higher level of control. The block diagram 
of the control structure is shown in Fig. 4. 

An Advanced LPC : 

It is observed that conventional IF 3 is not adequate, 
particularly in systems with predominant thermal units. 

For maximum efficiency and in order to reduce the mechanical 
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and thermal stresses on the thermal unit it needs to 
operated at nearly constant power and thus the control signal 
should be smooth. This also implies that there should be no 
control effort for changes in load due to small random 
disturbances . 

For large disturbances a faster control strategy is 
For 

required. [_ very large disturbances proper allocation of 
spinning reserve is required. The control action is 
dependent on identifying the types of disturbance, small and 
large and also for large disturbances, in identifying 
whether it originated in the control area or elsewhere. 
Glavitsch and (Juliana present an improved IFC scheme where 
the following functions are performed : 

( 1 ) Filtering to smooth system variable estimates thus 
reducing chasing of snail random disturbances 

(2) Estimation to obtain reliable approximations of those 
important variables which are not directly measurable 

( 3 ) Detection to provide a quantitative systamatic method 
of differentiating between the classes of disturbances. 

The use of Kalman filtering techniques are made to 
perform these functions. The block diagram of this OED 
(observer, estimator and detector) scheme is shown in 
Fig. 5. 
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Glo er and Schweppe introduce the concept of linear 
plus dradband type feedback control for better performance of 
EFC. 


Control of Indvertent Energy and lime Brror : 


It is required for the proper operation of the inter- 
connected systems that not only the steadystate deviations 
in frequency and tie line power be reduced to zero but also 
the integrals of these quantities. Cohn has suggested the 
modification of the area control error function to incorporate 
the correction control action to reduce the time deviation and 
energy interchange deviations for the affected areas. The 
input to the area controller signal is 


( P 


tie 


+ tj) + B(_f + ^§) 


where /!! is the error in tie line energy and ht is the 


time error 
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The problem of economic dispatch (ED) consists of alloca- 
tion of generation among the various units of the system so as 
to minimize the total production cost. The cost of fuel at 
thermal plants is the major component of the production cost. 
The thermal efficiencies of the generating units in a power 
system vary considerably which gives rise to the necessity of < 
optimum allocation of generation to minimize the fuel cost. 

Economic dispatch is used in conjunction with Automatic 
Generation Control (Load Frequency Control). This has progre- 
ssed from manual control, through the use of simple analogue 
equipment to the present application of direct digital control 
method. 


Mathematically, the problem of economic dispatch involves 
the solution of a complex optimization of several variables 
subject to many constraints due to equipment limitation, 
security etc. The degree of complexity permitted in the formu- 
lation of the problem is influenced by the availability of 
modern digital computers suitable for real time control of 
power systems. 


Introduction : 





The economic dispatch problem 


considered here is the 


problem of adjusting the power output of individual generating 
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units, subject to the changes in tile load or the oontrol 

inputs resulting from the action of load frequency control. 

The calculation of the generating schedules have to be 

performed every few minutes and on line. The following 

assumptions are made in the formulation of economic dispato.^ 
problem. 


(1) The hydro generation has b een previously defined 

(2) The network configuration i s f ixed 

( 3 ) The thermal units on line have been previously assigt^^ 

The assignment of units is unit committment probl 

that is treated separately. 

The first assumption will b e relaxed while consider!^ 
hydro-thermal dispatch. 


Oriterion for Economic Dispatch 


The cost of power generated for a unit is a function . 
the power generated by that unit. A typical curve is shown 
in Pig. 1 . 



The total production cost 
a system containing ’n* 
ting units is given by 


2 ' 


P (P ) 

n 'n' 


• • • 


( 1 ) 
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Assuming for the moment that the system has no trans- 
mission losses, the following equation is satisfied for the 
network 

n 

•2~ P ^ ~ = 0 ( 2 ) 

where P^ is the sum of all the load demands. 

Minimization of the cost function P, subject to the constraint 
equation (2) is obtained using the Lagrangian multiplier 
technique. 

The constrained minimization of (1) is equivalent to the 
unconstrained minimization of the function "5 


?=f(p 1 ,p 2 .. P n ) -X CtP ± -P H 1 


(3) 


The necessary condition to be satisfied for the optimal solu- 
tion is 


c> if 

GP ± = 0 i = 1,2 .... n 

This is equivalent to 


(4) 


i - 1,2 .... n (5) 

where X is the Lagrangian multiplier which is equal to 
the incremental cost of the received power expressed in Rupees 
per MWH. There are (n+1) variables to be solved which are to 
be solved from equations (2) and (5). 
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Consideration of Transmission Lo sses ; 


In a power system it would not be correct to ignore the 
effect of transmission losses. Thus equation (2) is modified 
to 

i - P R - *L - 0 

The application of the Lagrangian multiplier method . 
to the following necessary condition 


dF, }P T 

dP^ “ 1 = 1,2 *** n 

This can also be expressed as 
dF, 

L i dP^ = ^ 


(7) 

( 8 ) 


where 


1 - 


dT] 


(9) 


is called the penalty factor and is greater than or equal 
to unity. 


It is to be noted that equation (6) and (7) can be solved 
to obtain the optimal solution. 


Comments : (1) Equations (7) or (8) are called the co 

ordination equations in the literature. 



( 2 ) The co-ordination equations do not consider the 
constraints, such as the limits on the power generated. 

The limits on the power outputs of the generators can be 
considered while solving the equations, however the constraints 
on the voltage magnitudes and angles are completely ignored 
in the formulation. 


(3) The solution of the co-ordination equations require the 

^P L 

calculation of the partial derivatives rr- ( oalled incremental 

6 r l 

loss coefficients). This requires that the transmission losses 
be expressed explicitly in the terms of the generator power 
outputs. While the losses can be expressed explicitly in 
terms of the voltages magnitudes, angles and the network 
parameters, the development of general loss formula is based 
on certain assumptions. 

An Alternative Method : The optimal solutions of the economic 

'' "" JT " ' ' """ ' 4 

dispatch problem can be obtained in a slightly different manner 
as follows j 

The equation (6) can be rewritten as 


'n 


n-1 

-r P, + + P. 


i=l 


■R 


( 10 ) 


Substituting this in equation (1) we get 
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It is to be noted that an assumption is made that the 
transmission losses can be expressed as a function of 

P n _ 1 only for a given load P R . It can be shown that 
this is a valid assumption. 

The necessary condition for the optimal solution is 
= 0 i = 1,2, /n-1) (12) 

and this leads to 


dF . dF ^ P T 

dP^ = dP^ C 1 ] f i * 1,2 . . . (n-1) 

which can also be expressed as 


(13) 



_ 





i— If 2 • # (n*l) 


(14) 


It is to be noted that equation (14) is similar to equation 
(8) but for the following important differences 

(1) X is the incremental cost of the received power. If the 

loads are not concentrated in one location a fiditious 

load bus is created to aggregate all the loads at various 

busses. This is the main feature of the method using 

dF 

transmission loss formula. In equation (14) 1® the 

incremental cost of the generation at a particular bus 
( slack bus ) . 
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( 2 ) 


c P L 

The incremental loss coefficient (..-=■=) in equation (14) 

r i 

is different from the incremental loss coefficient of 
equation ( 8 ). 


Transmission Loss Formula 


The solution of the co-ordination equations ( 8 ) require 
the transmission losses to be expressed explicitly as a 
function of all the generator output powers. The losses can 
be expressed as 

n n n 



2 . 

3=1 


P i 



2 B 
i=l 


io 


P. + B 
i oo 


(15) 


where B.. are called the B coefficients. 

The derivation of the B coefficients are based on 
Kron’s formulation which made many assumptions namely 

( 1 ) The connections to ground are ignored or combined with 
the load 

(2) The loads are assumed to be conforming „ that is they vary 
uniformly 

( 3 ) The generator power output is a constant ratio of 

the power output. 

These assumptions have been relaxed and the derivation 
has been generalized by other workers, namely, Early, 
Kirchmayer and Happ. Recently Meyer has given a simpler 
derivation and an efficient solution technique using Tinney’s 
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method o r optimally ordereu triangular factorization (OOTF). 
The derivation of the B coefficients following Meyers presen- 
tation is given below. 

Consider the following linear network. The network 
equations using matrix are given by 

I = ZI (15) 


0} 


■.rv 


6 ~i I - 

' V " f ^ 


In**,** I 

‘ 1 I 


© 


c> 

ft \ I Kj 


L I n! r. A k 
t\l c T V'l O k. 






■n 

L0M> NlOtEi 


where 


n j 

i = r T + i 


where I and i are the generator and load currents. 

With the assumptions of conforming loads, we have 

m 


1^ = 1 I 

x i i X L* 


T _ ^ -r -1 

X-f- /Lm. JL 4 

1 i=l 1 


(16) 


(17) 


Considering the equation (17) as a transformation of 
currents and applying ICrnons method of transformation we get 
the following equation 
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T 1 

i 

■ Z 11 

* « • * 

. z. 

In 

a i ; 


V 2 
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• 
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• 
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♦ 

• 

• 
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* * • 
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nn 

a n : 
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! V 1 


L b n * 
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n 
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h 

where 

h, 

_ 5 v * 

- C- ^ 

V. 

i 


a. = >. Z. . 

1 D=1 10 

0 


h 

n 

“ 4l’ 

i=l 

z. . 

ID 

/ * 
i 

W = 1 L* a ± 



(18) 


(19) 


Consider the rth equation of (18) where r is an 
arbitrary generator node number. Solving for in this 
equation gives 
n 


i T = - t. £. + T n v 
L 3=1 3 3 


■where Z . 

rj\ ...iJ, 

j 


T 


n 


( 20 ) 


( 21 ) 


The elimination of 1^ can be treated as another transformation 
and which is equivalent to changing the reference hbus from 
ground to the fititious. load bus the new set of equations are 


T i 


yt 

n 

V» 

o 


Z 1 
*11 


Z' 

nl 


** Z ln 


Z» 

nn 


0, 


n 


n 




£ 


y 


( 22 ) 
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where Z » . . 


Z ij - a i T j - T i Sb j + T i* T j 


°1 


d 3 


“ T i* “) 

T n (b ^ - T.'l), x = T n T n *¥ 


Equation (22) can be rewritten as 


V = Z" I 5 
j5 


H = Re C I l* t z3i3 3 


The transmission losses are given by 

-3: 

"2 

Expressing 

0 P i ~ j Q i . 

L (M 


P, - oQ, r p 

— 1 — . I —.. . ■ ! — t® + i 

\]yl dii + J x qi 


where 


(cos ©^ + sin © i )P. 


TV -*» 

x di ” 

h 

(sin e ± 

- S i 

\i = 

h 


S 




(23) 


(24) 


(25) 


(26) 


The loss coefficients are directly obtained as follows : 

r 5, + ; (1 +SjM oos^Qj-Qj + (Sj-S..) sin(Q i ~e i )' 


B±j . ( aj^ )L 


v ± 7 ) 


Z 3 - (l+S.S.) sin(9. -9 - ) - (S.-.S ) cos(©.-©.) 

( 4-n 1 i_ — £ — 13 i — i— ( 27 ) 


V i V j 
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B io 


Y R Y 1 

Y~. ^1^3 ^2^4 ^ yT ^3^2 '^'1^'/ ^ 


B. 


oo 


i Y 


R 


(28) 

(29) 


where k-^ = cos 9^ + sin 9^, k^ = sin 


9, 


S. cos 9. 

l l 


d R -4- ^ 

d i + v 'i 


h = c i - 


(30) 


where superscripts R and I indicate real and imaginary parts 
respectively. In particular V B can be selected to be zero 
(& r = 0) thus simplifying the calculations. 

Modelling of Linear Ron-conf orming Loads (IRQL) : 


The loads currents can be assumed to satisfy the follow- 
ing linear constraints : 


where I? is the independent part of the load current 

The consideration of LROL only alters B^ Q and B Q0 terms 
while B^j terms are unchanged. 

Use of Alternative Co-ordination Equations i 


As mentioned earlier, transmission losses can also be 
expressed in terms of power outputs of only (n-1) generators 
excluding the slack bus. This expression can be derived 
using admittance parameters. 
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There are mgny papers on this subject. The treatment 
given here follows that of Podmore. The power loss in a 
network is given by 


P L = + *6 


where is a term dependent only in the voltage magnitudes 
given by 

m m 

,2 


P B = «11 < T ± - V 

1=1 3=1 J J 

and P^ is a term dependent on the angles, given by 


m m 

P « = U 2 Si 3 

g. . is the conductance of the element between nodes i and j, 

1 J 


3±j “ 


13 


By approximating 


[ 1 - 008 ( 6 ^ 6^)1 




we get 


m m 

«*KT 


B 


& ^ ®13 Vi (6 i-V 


The total losses can be rewritten as 


Pj, = 6- & 6 + P E 


or 
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where 


fl 

or . 


13 


-7.7. g. 

1 3 to i3 


i=f=3 


m 

G- . . = /' 7.7. g. . 

^ 3 s i3 

From DC load flow, we obtain 


B6 


where B. . 

X J 


B 


ii 


V.V. b. . 

1 3 13 

m 

- * Vi hi 


and 


Putting the slack bus angle as zero and eliminating the 
variables corresponding to the slack bus, we can solve for 
6, as 

6 = Z P 


p l = pVgzp + p e 


£ = [ffl - C pI 1 


Substituting this in the loss expression gives 


n-1 n-1 


n-1 


where B ± ^ - [Z &G GZ && ] i; j 


X :t P i B ii P 1 + X B P + B 
3=1 i=l 1 13 3 1=1 10 1 00 

t 


B io = 2 [ Z GS GZpL 1i’ B c 


(P L )t Z t GZP 1 + P. 


io — Ji' “00 v - 7 _ ' 'B 

Phe incremental loss coefficient is given by 

P T n-1 

= - -1 2 B, .P, + B. 

P A 3=1 3-3 3 io 

It is to be noted that only B iQ terms are dependent on the 
load power. 
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OPTIMAL P0W3R FLOW 

The technique of economic dispatch discussed earlier 
does not take into account various operating constraints and 
also the security constraints. The extension of the economic 
dispatch problem becomes the optimal power flow problem where 
the constraints are the load flow equations and limits on 
the voltage magnitudes and angles in addition to power outputs. 
It is possible to pose this problem in a general sense 
using the terminology of non-linear programming methods. 

Oarpentier was the first to work in this area. Peschon- 
Dommel and Tinney have published in U.S.A. Since then there are 
many papers on the subject. 

Problem Formulation : 

Tho objective is to minimize a function 

f(x,u) with respect to the control 
variables u subject to the equality constraints 

«(£»& »E.) = 0 

and the inequality constraints 
h(x,u) < 0 

In the optimal power flow problem, the control vector u 
consists of generator output power, reactive power or voltage 
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magnitudes. The vector of dependent variables x consists of 
voltage magnitudes at load busses and angles. The equality 
constraints are the load flow equations. The parameters 
vector £ consists of load power, reactive power and other 
network parameters. With tap changing transformers, the 
tap ratio can also be treated as a control variable. 

The inequality constraints introduce complexity in the 
solution. It is simpler to consider first, the constraints 
on the control vector u. The constraints on the state vector 
x can also be included with slight modification in the solution 
algorithm. 

Solution of the Optimal Power Flow ; 

The minimization of the constrained function is equivalent 

to the minimization of the unconstrained Lagrangean function 

t i 

I*(x,u,£) = f(x,u) + X g(x,u,p) 

The necessary conditions for the minimum aro , , 

£x ox + tox 1 b . | 

= stL + f 1 * \ =0 and g(x,u,p) = 0 

au du Ldu 1 C ° I 

' ' ■ I 

The solution of the problem is iterative and requires j 

gradient methods. The simplest method is the steepest j 
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descent method and an algorithm based on this is given 
below 


Stop 1 : hssune a set of control parameters u 

S tep 2 : Find a feasible power flow solution by Newtons 

method. This yields the Jacobian matrix for the 
solution point in the factored fora (upper and lower 
triangular matrices). The Jacobian is the ] matrix 
Step % : Solve for }. from 


_ .Xg.T"' 1 ,J_f, 

UxJ foxJ 

This amounts to one repeat solution of the linear system 
for which the factored inverse is already available from 
step 2. 

Step 4 : Find the gradient of f fro in 


Jf 


•'Mi t 


Vf = ~ + f.^l u \ 

— c -u Lou J ■ 

¥ 

Step 5 : If V f is sufficiently snail, the minimum has been 
reached. 

Step 6 : If not, find a new set of control parameters from 


u new = u old + An with fcu = -cgf 
and return to step 2. 


r 

| 


i 


The choice of the scalar quantity c is very important. 

If must be checked at the end of step 2 whether the new value 
of the objective function f is less than the previous value 



18 


in the iteration scheme. Otherwise a smaller value of c 
has to be chosen. 

The inequality constraints (or the limits) on the control 
vector u are considered by setting in step 6. 


If 

, new 

u ,ax ^ 

new 

1 

= uf- x 

If 

£ 

H* P 

(D 

r* 

uf n 

u new 

oin 

u i 


When the limit on has been reached, it is not possible for 
the gradient V f to be zero at the mininun point. The 
conditions for the minimum are 


N 

i 4 0 

if 

u i = u i. aX 

j,fj 

i^/ o 

if 

u. = uf n 


The constraints on x can be considered by exchanging variables 
from x to u and vice versa. In example of this is the limita- 
tion on the reactive power output of a generator in which case 
the reactive power output is treated as a control variable 
instead of the voltage magnitude. .Another method is to use the 
penalty function approach. 

The formulation is general enough to consider different 
problems. If the objective function is the production cost, 
then it the economic dispatch problem. If the objective 

fk 

function is the transmission losses then it is a reactive 
power optimization problem. 
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Definite ons ; Convex Set : A set of points in the n dimen- 
sional Euclidean space is said to he convex if 
1 2 

x , x e C implies 

W = 9x^ + (l-9)x 2 e 0 for any 9, 0 < 9 1 

(The line segment joining x^ and x^ is also in set 0 if 
1 2 

x and x are in set 0). 


Convex Function ; (riven a convex set 0, a function F on the set 
C is convex if 
1 2 

x ,x e C implies 

f (Gx 1 + (l-©)x 2 )^©f(x 1 ) + (1-9) f(x 2 ) for 0 <; 9 id. 


Concave function : A function f is said to be concave if 


-f(x) is convex 


Properties of convex functions ; 

(1) f(y) 7 / f ( x ) + f*(x) (y-x) for any x and y 

( f is the gradient vector of F) 

(2) The Hessian matrix j is positive semidefinite 

(assuming the 2nd derivatives exjit ) 

(3) For any fixed scalar V the set in B 11 

3*., = >x/f (x) Hr £ { is convex 

d ' 1 . V'W'. ■ m_ 4 i . 

(4) For x = i/V such that 2"- £ . =1 

— I— J7 * n 4 . 

•m' TTI * * —~ rr L 

then f(x) -si. S- £ 1 f(x 1 ) 

iML 
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(5) If fh, i=l,2...m each be convex on the convex set G 
and if a 1 /' 0 i=l,2....m then 

n ' i 

f (x) = a f . (x) is also convex on G. 
i=l 1 

Importance of Gonvexit.y : If f is a differentiable convex 
function on E n . Then \/f(x 5 ) = 0, if and only if x* minimizes 
f over if 1 

(Vf(x*) =0 is both necessary and sufficient condition) 

Pseudo Convex function : A differentiable function f is 
pseudo convex if V f^(x) (y-x) 0 implies f(y)^ - f(x) 

(whenver a directional derivative indicates a increase, the 
function continues to increase in that direction) 

If f be pseudo convex then 

f(x*) = 0 is a necessary and sufficient condition that 
x* minimizes f over E 11 . 

(Note : A convex function is also pseudo convex but not vice 
versa) 


Quasi-convex function ; A function f is quasi-convex, if 
given x 1 , x 2 e E for any 9 , 0 <_ 9 4_1 then f(9x' + (l-9)x 2 ) 
max [ f ( xi ) , f ( x 2 ) } . 


Also a function f is quasi-convex if and only if^the set 

p = % x/E(x)-.. is convex f -or any scalar ^ . 

Cl " 3 

(Note : A pseudo-convex function is also quasi-convex but 
not vice versa). 
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OPTIMIZATION WITH CONSTRAINTS 
Non-Linear Programming (NLP) 

Problem i minimize f(x) subject to 

h^(x) 0 i=l, 2 m 

-Lay x satisfying the inequality constraints bufx) 0 is 
termed feasible. 

1 constraint tu is said to be active if the optimal solution 
x* satisfies h^x*) = 0. 

K uhn-Tucker Theorem If x* is the optimal solution to the 
NLP problem then 

(1) x* must be feasible 

jj 

(2) There must exist multipliers 0 . i=l* ,m such that 

Xih.(x*) = 0 i=l, m 

(3) f(s*) + X,7h,(i*) = 0 j 

i=l 

(Note : These are only necessary conditions ) | 

' . : . . . i 

Constraint Qualifications ; It is assumed that these are I 

. ■ . • ; ■' . - ' . 

satisfied in the application of £ T conditions., | 

. j 

Let I be the index set of active constraints. | 

Define D(x) = id/7ht(x) d tr. 0, i el V ! 

/ 1 -> ; 

to be the set of possible feasible directions d at x. Actually ; 
it is possible that D contains some directions that are not j 



feasible, i.e. h(x + vd) >■ 0 for sone d in D, even for t -> 0 
If this possibility is ruled out then we say that constraint 
qualifications holds. 

Parkas Lemma : let b e S n and A an nxn matrix. If 1 x >, 0 

is to imply 

b + x a 0 

the necessary and sufficient condition is 

b = \ for K'/y 0 

Parkas lemma can be used to derive K-T theorem, x* is optimal 
ifV^(x*) d 1- 0 implies (i el) 

\7f^(z*) d /' 0 where d is the feasible direction 

at x? 

Hence f(x*) = y h^(x*) for 

This proves 3rd condition of Kuhn- Tucker. 

The second condition has to hold because if I is a null set 
(no constraints an active) then HIP reduces to unconstrained 
optimization. 

Sufficiency : K-T conditions are sufficient if 

(1) f(x) is pseudo convex 

( 2 ) * ^ ( x ) is quasi- convex for i=l, m 
(feasible domain must form a convex set in E 11 ) . 



USE OP SPARSITY TECHI^QUES Ilf POTHER SYSTEM PROBLEMS 


Large sparse systems of linear equations arise in power system 
problems. Sparsity techniques involve nothing new mathematically. 
ity using factored inverse instead of an explicit inverse for the direct 
solution of sparse systems it is possible to gain in speed, storage and 
accuracy approximately proportional to the degree of sparsity. 

The problem is to solve 

Ax = b (l ) 

The method is based on the well known triangular factorisation. In 
effect A is factorised into a product of a lower triangular and upper 
triangular systems 

A = LU (2) 

Solution of (l) can be obtained by forward and back substitutions of 
the two triangular systems 


Ly = b 
Ux = y 


( 3 ) 


If A is sparse, the order in which eliminations are performed affects 
the accumulation of non-zero terms in LU. Algorithms have been deve- 
loped for near-optimal orders from the standpoint of minimizing the 
accumulation of non-zero terms. Programming is so organised that only 
non-zero terms are processed and stored. (This results in a saving in 

computing time and storage that is approximately proportional to the 

2 

ratio of non-zero terms in LU to n . 
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-1 

Hie c caparison between the us of A and LIT for solving power system 
problems shows the overshelming advantage of the litter. 

Normally the elimination process is described as taking place by su- 

”t>3n 

ccessive columns; i.e. k variable is eliminated below the diagonal in 
rov/s k+1 to n before going on to variable k+1 etc. Although the amount of 
arithmetic is unaffected it is much more efficient in programming to eli- 
minate by rows instead of columns. In this procedure vjhen the process has 
"fcil 

reached the k row, the system has been triangulorised from rove 1 through 
k-1 , and rows k to n have not yet entered the process in any way. In pro- 
cessing row k, variables 1 through k-1, are successively' '.eliminated by 
appropriate linear combinations of row k with previously processed rows. 

In this scheme each row is completely processed before going to the next 
row thereby avoiding the repetitive indexing and accessing of each element 
necessary with column elimination. 

In the triangular factorisation of a randomly sparse matrix some of . 
the originally zero elements are filled in with non-zero elements. It is 
clear that there must exist one or more orders of elimination that result 
in least fill-ins. The orders yielding the least fill-ins is defined as 
optimal. Since there are nl different orders, an exhaustive search is 
impossible if n is large. 

Effective inspection algorithms for determining near-optimal orders 
have been developed. They represent trade-offs between the time required 
for them execution and the benefits they produce. 
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A cannon approach is to order tho matrix in such a manner that the 
non-zero terms are confined to within a band along the diagonal. The band 
width may be constant or increase in stops. The idea of the ordering algo- 
rithm is to minimize the band-width. STo advantage is taken of the zero- 
elements within the band. This scheme has the advantages that only the 
portion of the total band needs to be retained in the computer memory and 
programming is almost as simple as with full matrix methods. Only a .small 
amount of integer information is needed for defining band widths and break- 
points for overlay. The drawback is that it is less efficient than near- 
optimal ordering unless the system topology is naturally in banded form. 

The near-optimal ordering algorithms involve a simulation of the fill- 
in effects of the elimination process but not its arithmetic. The input is 
a table of row-column indices of non-zero off-diagonal terms of A. The 
algorithm is applied before and not during the actual triangularisation. 
They amount to subroutines for remembering the variable, then output is a 
table of old versus new numbers. 

The actual operations involved in a typical program for direct solu- 
tion by LU decomposition with near-optimal ordering consists of three 
subroutines: (l ) ordering, (2) computing LU, (3) direct solutions. 

The ordering subroutine is simply a matter of clever logic. The 
other two routines use the principle that only non-zero terms are proce- 
ssed and stored. This .is done in many ways all of them in effect mean 
tagging every non-zero element with its own two-column identification. 

If A is symmetric in pattern but not in value symmetric elements may be 
identified with one tag. Such a situation is common in power system 
analysis. 
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SPARSE MATRICES 
PACKED POEM OP STORAGE 

In large sparse matrices only the non-zero elenents are stored along 
with necessary indexing information. Such a storage is said to be in packed 
fom. This method of storing allows us to handle large matrices. There are 
various packing schemes available. The following describes a few of them. 

In many algorithms that operate on a sparse matrix additional non-zero 
elements are created in the various steps of computation. So In the packed 
scheme some provision has to be made to add non-zero elements in various 
columns or rows as the computation proceeds. Usually packing schemes in- 
volve extra time to pack and unpack elements. An ideal storage scheme 
is one in which one minimizes both storage and total computing time, but 
these two being incompatible one has to make some trade-offs. 

Method 1 - LINKED LISTING 

Each non-zero element aij is stored as an item in its column j . An 
item is an ordered triple (i, a, p), where i is the row index, a the 
value of the element aij and p is the address of the next non-zero element 
of column j. The address p is zero if the item corresponds to the last 
non-zero element of the column. The address of the first item of 
different columns are given by an array of n numbers in contiguous loca- 
tions. Thus in the linked listing there are two parts (i) 30 : Beginning 
of column address and (ii) ST : Storage of items. For example the jth 
cell of BC has the starting address ST(x) of the item associated with 
the first non zero element in column 3 . 
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If A has g non-zero elements and since each element is stored as an 
iten needing three storage locations 31 will require 3g storage locations. 
These locations need not necessarily be contiguous. Including n locations 
needed for BC the total storage needed is n + 3g* 

\7e shall demonstrate how non-zero elements created can easily be stored.; 
There is no need to move down the elements following the newly created 


element. 


Suppose the non-zero elements in column four namely = a^ = 0 

a 24 = 1 *5 and a 44 = j 

Let the storage for BC begin at 101 and the items corresponding to 

j 

a^ 4 and a 44 begin at locations 300 and 303 respectively. If at a later 
tine a,, changes from zero to 2.5 and the corresponding item is to be 
stored fro: 200 then the storage scheme will be a3 follows: | 


Location 

104 

200 

201 

202 

300 

301 

302 

303 

304 305 

Original 

300 

- 

- 

- 

2 

1 .5 

303 

4 

3 

Changed 

300 

3 

2.5 

303 

2 

1 .5 

200 

4 

3 


Only the contents of location 303 has been modified in order to add new 

zero element. If however cu. changed to 4.5 then 

14 


Location 

104 

200 

201 

202 

300 

301 

302 

303 

304 305 

Original 

300 

- 

- 

2 

1 .5 

303 

4 

3 

Changed 

200 

1 

4.5 

300 

2 

1 .5 

303 

4 

3 


In this case also contents of only one location has been changed. 


I 
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If during the computations some non-zero element becomes zero then 
the storage so released by the corresponding item can be used for storing 
the item associated with new non-zero elements. The starting addresses of 
such items which are available for storage can be maintained as a chained 
list by using the third cell of each item. The address of the first 
available item will have to be stored elsewhere. The third cell of each, 
available item contains the address of the next available item. If it is 
the last available item storage its third cell will be zero. Y hen" a new 
item becomes available for storage it is added to the top of the list. 
Similarly available items from top of the list are used for storing new 
items. 

Suppose two items for storage were available with their starting 
addresses respectively at 101 and 201 and we wish to add another available 
item storage starting at 401 to this list. If the location 50 contains the 
address of the first available item storage then the storage is shown below. 


Locati on 

50 101 

102 1 03 201 

202 203 401 

402 403 

Original 

101 

201 

0 

- 

Changed 

401 

201 

- 0 - 

101 


To store a new item we use the first available item storage namely 401 , 402, 
403 and then change the contents of the various locations to the line 
labelled original. 

There are other methods of storage available which use less storage 
than linked listing. They suffer from the inconvenience that additional 
non-zero items can be introduced only by relocating all succeeding elements 
or involve certain arithmetic operations to define the memory locations. 
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VE " Wl’ a 5 2 J a 33 J a 24’ c y t ’ a 45 ^ 

HI = (4, 5, 3, 2, 3, 4) 

CIP = (1, 2, 3, 4, 6) 

V3H and HI each has g elements and GIP has n elements. Storage cells 
required is 2g + n. 

Method IV 

In this method with each non zero element we attach a unique in- 
teger w(i,3 ) as follows: 

w (iyj) = i+(j-1 )n, aij ^ 0 

The storage consists of two arrays VE (Value of non-zero elements) and 
V each having g elements. V, r (s) contains the w(i,j) corresponding to aij 
ojid a goes through 2, 3 , ... g. Por example the matrix given in 
Method II is stored as follows: 

VE (a 41 , a 52 , a 33 , a 24 , a 34 , a 45 ) 

W (4, 10, 13, 17, 18, 24) 

The original matrix can be recovered as follows: 

3 = least integer ^ w(i,3 )/n 

1 

1 = w(i,3 ) - (j-1 )n 

% 

In all the above methods the storage has been along columns. In 
some circumstances storage along rows may be more convenient. In that 
case the corresponding changes are obvious for it is the same as storing 
the transpose as columns. 
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Method' V 


Let A be a symmetric matrix such, that for all i ;j . 

old = 0 i - j b± 

If b^ is hucii smaller than n then A is called a symmetric band matrix. 

If b^ is variable with i the band width is locally variable. Being a 
symmetric matrix we store only the lower triangular part. Hie storage 
consists of two arrays, VE (Value of elements) and PD (position of the 
diagonal elements in VE). For each row the left most non zero element 
and all the other elements to its right, upto and including the diagonal 
element are stored in VE. Thus the i^* 1 row of A needs (K + 1 ) storage 
locations and VE will have 

2- (bi + 1 ) 

elements. Adding the n elements of PD total locations required for 
storage is 

CL b i ) + 2n 

If the bands are full, that is a, . / 0 

iD 

for all i - j b^ with i j then 

b^ = g/2 - n/2 

and the total storage required is 

(g + 3n)/2 


Suppose for a symmetric matrix of order 5 the a^ ^ , a^, a 22> a^ 2 , a 

a. a.., a.__, a,-,- are non-zero. We note that the zero elements a,- and a,-, 
42 7 44 7 53 55 43 54 


will have to be stored. The storage is as follows: 
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VE 

PD 


“ ^11* :1 2l J a 
= (1, 3, 5 , 8 , 11) 


22 J “3 2 f 


' v. 2’ °’ 


0 A ^ 
44 ? ^5 -5 9 ^55 / 


An element a. . of the original natrix can be recovered as follows: 
Hie position of a. .. in YE is given by PD(i) - (i-j ) provided it is 

1 J 


greater than P(i-l). That is a. . does not lie to the loft of the first 

1 «3 

tb 

non-zero element in the i ' row in which case a. . = 0 and it is not stored 
in YE. Eor example to recover from VE we have 

PD(4) - (4 -2) = 8- 2 = 6 >PD(3) = 5 
Hence a^ is stored in VE(6). 

The main advantage of this scheme is that if additional non-zeroes 
are created only to -the right of the left most non-zero element in a row, 
then they can be stored in VE without moving all the subsequent elements. 

It is possible to make certain small changes in the above methods to 
reduce the storage requirements loosing however certain conveniences. 


GHUSSIA3 ELIMINATION MD LU DECOMPOSITION 


Consider the set of equations defined by 


a 11 X 1 + a l 2*2 + 

a 2l X 1 + \ 


a. x = b. 
m n 1 

a_ x = b„ 
2n n 2 


( 1 ) 


a n1 X 1 + a 22 X 2 + 


■ • • • ♦ ♦ t • • 


a x = b 
ma n 


The Gaussian elimination proceeds as follows : 

a21 

We multiply the first equation by 

a i1 

and subtract from the second equation, then multiply the first equation 
a3l 

by and subtract from the third equation and so on. At the end of this 

a 11 . 
process all the equations except the first will not contain the first 

variable . Now we take the equations from 2nd to the nth and remove x^ from 

equations 3rd to nth by the same process. When this process is repeated 

sufficient number of times we finally get the sot of equations as follows. 

\7e show below only the coefficients without the variables. The superscript in; 

\ 

the coefficients indicate how many times the coefficients has got changed I 

[ 

in reaching the final form. The original coefficients are assumed as having 

( ' ' ’ ' ' * : " " - ; • f 

superscript (l ). A superscript p means it has changed p-1 times. 


1 


a, 


( 2 ) „( 2 ) 
13 
(3) 


1 2 


a 


23 


(n+1 ) 


The above procedure is called Gauss Elimination. After this strage 


4 2) 

In 

A 2) 
b 1 

& C3) 

b <3> 

2 n 

b 2 

a (n) . 
n-1 ,n 

b (n) 

n-1 

1 

b 

n 


(2) 


we can compute the x 1 in the order x n , x n ^ , 


, , Xg, x^ using the 
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above equations from bottom to top. We compute one variable from each equa- 
tion. Haile m 'are using an equation to compute a particular variable the 
other variables occurring in that equation have already been solved for. 

The above simple and fundamental method of solution is one of the most 
powerful methods and will be discussed in breat detail now. 

We would like to recall that any linear operations carried on the rows 
of a matrix is equivalent to premulti plication of the matrix by the matrix 
obtained by the corresponding operations on the identity matrix* Thus idle 
effect of multiplying the elements of the first row of A by 1 and subtract- 
ing it from the second row of A is equivalent to the premultiplication 
shown below (by 4x4 example) 


( 3 ) 


0 

0 

0 ) 

X 

X 

X 

x) 

1 

0 

0 ) 

c* 

X 

X 

x) 

0 

1 

0 ) 

(x 

X 

X 

x) 

0 

0 

1) 

(x 

X 

X 

x) 


For simplicity we have shown A by putting X’ . 

Thus the first step of Gaussian elimination is equivalent to 


(1-. 0 0 0 

(ip 1 0 0 

(if, o i o 
C>4 o o 1 


(x X X X ) 
X X X x) 
X X X X ) 
(x X X X ) 


( 4 ) 


Where 


'11 


l/ajf, 1 


= . a (0 /a (l) 
21 21 7 11 


1 =-a (l) /a ( -0 -] =_^) /a (l) 

31 31 7 11 ’ *41 41 '11 


( 5 ) 


After carrying out this step the next step of Gaussian elimination can 
be depicted as a preraultipli cation of the previous result by 


I 


13 


(1 


0; 


Where 


(0 1 

( 

(0 1. 


(o ' 1 


1 22 1//a 22^ 

1 - -(2) 

32 

1 = -a (2) / a 

*42 42 7 22 


a 32’ ^ a (22) 


( 2 ) 

( 22 , 

( 2 ) 


0 

1 


U j 


0) 


0 1 ) 


The next two steps are equivalent to multiplication by 


and 


(1 

( 

(0 


0 

1 


0 o) 

0 0 


0 0 1 
0 0 1 


33 

43 


\7here 


(1 


33 


43 


44 


(3) 


= Va% 


0 

1 


1/a 


(4) 

'44 


0 0) 

) 


0 


(o 0 1 


0 0 1 


0) 

0 

44 


a (3 )/ (3) 

43 7 (33) 


( 6 ) 


(7) 


( 8 ) 


(9) 


( 10 ) 

( 11 ) 


From the above description it is decor that for a general matrix of order 
n the Gaussian elimination is equivalent to a series of premultiplication 
by matrices of the type. 



1 


It 


kth row ( 12 ) 


x 

x 


1 

kth column 

Denoting the above elementary lower triangular matrix by 1^. the correspond- 


ing step of Gaussian elimination is 

a ( m ) 00 

k 


(13) 


k — 1 ? 2 ? • • ■ • ■ 

(11+ 1 ) _ L L . 

n n-1 

= L L . ... 
n n-1 


n 


w 

I^A 


(1) 


(H) 


We 


have not given the general expression for the elements of but 


assume that it will be clear that elements of can be computed only after 

the premultiplication upto L^. ^ l^L-jA are completed and that the 

formulae are easily deductible and are similar to (5), (l 0) and (ll). Thus 
the forward course of Gaussian elimination consists of finding a series of 
cmatrices 

L„ , Ii„ ... ... ... ... ... 1 . , L in a sequence 

1 7 2 n-1 7 n 

to transform A into an Unit upper triangular matrix U say 
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Thus U = 1 , L „ ... ... 

rr n-1 

I'Or the expected solution x of Ax = b 


-I'gV (15) 


Ux - Ln I n _ 1 IijL-jibc = ... l^b (l6) 

The back substitution or the solution of (16). By similar arguments as 
before the back substitution is equivalent to successive prenulti plica- 
tion of (16) by matrices of the type 
1 k^* 1 column 


1 


x 



kth row (17) 


1 

1 

If we denote the matrix of ( 17 ) by U 

J£ 

the premultiplicati ons are by U , U n 

XI II“* i r 

so that 

^2 ^3 * * * * * * ^ = ^ (l8) 

so that we get x. 

The vfoole process can be put down as follows. 



16 


tie 


art with the equation Pz 


Me successively premultiply this 


by L 1 s and 0 1 s tc get 



tL, « * ♦ • a • 

2 0 

... u 1 1 . 

n ;i n-1 

• • * # * * Ii 2^*1 



= uu, * . . 

2 5 

iJ L L ... 

n n n-1 

m • m «• # 0 .Id 0 

(19) 

Bom 

(15) and (18) 





u 2 u 3 ... 

... ULL . • . 

n n n-1 

■5 — 

11 

v— 

Hi 

• 

• 

• 

(20) 

Thus 

x is given by 





x = 

u 2 u 3 

ULL . ... L^L. b 
n n n-1 2i 

(21) 

It is clear from (20 ) 

that 




u 2 u 3 .. 

. ... ULL „ 

n n n-1 

... ... L — A 

(22) 


_1 

Normally in linear algebra one tries to obtain A _ once and for all 
so that solutions for any given b can be computed by A b. This involves 

multiplying out the L 's and U 's, shown in (22). Usually even if A is 

—1 

a sparse matrix A w ill turn out to be a dense matrix. It will be noticed 
that the total number of non-trivial elements in all the L's and U's put 
together is n . By non-trivial we mean elements other than 0's and 1 's 
and specifically denoted by x's in (l 2) and (17). A little thought makes 
us realise that all the non-trivial elements of L’s and U’s need not ne- 
cessarily be non-zero. If there were any zeroes in 

I*k 1 ”^k 2*** ••• 1 A ( 23 ) 

in any of the positions corresponding to the non-trivial elements of 1^ 
then that non-trivial element of L^. will be zero. A similar argument holds 
for U's also. 

The essense of sparse matrix technique is to organise the rows and 
columns of A in such a manner that the total non-zero elements of L's and 


I 


U's is kept to a minimum. Further we keep the L's -■.rad U’s as they are 
without multiplying them out. Mils is because' oven if nany of tlic non- 
trivial elements of 1’ U's are zeroes making the total nunbsr of 

2 

non-zero elements nuch less than n the result of multiplication would 
produce nany additional non-zero elements. The method of keeping A in 
the form given by (22) is called the elimination form of the inverse. 

Even if there are nany non-zero elements in A the number of non- 
zero non-trivial elements of l's end U's may be more than the non-zero 
elements of A. This is due to the fact that some of the zeroes in certain 
columns of A can become non-zero while we are operating on other columns 
of A, Such a situation is called a fill-in. A good sparse matrix tech- 
nique would try to keep the number of fill-in's to a minimum. 

The ordering of the rows and columns in A to achieve this is called 
optimal ordering. Due to the fact that there are In possible ordering of 
rows an exhaustive search for optimal ordering is practically impossible. 

The next .Lecture will describe methods for getting near optimal orderings. 

Before concluding this we would like to mention that we have considered 
the Gaussian elimination in terms of columns. However, in many power system 
applications one finds that only a few of the equations change and these 
equations are usually kept as the last few equations. Under these cir- 
cumstances it will be noticed that all the l's mil get changed and we 
cannot take advantage of the previous computations unless some complicated 
programming is done. This is because in each 1 the items corresponding to 
the altered equations change. If however we choose the l's in the following 
form. 
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1 

1 


1 


1 


kth fow xx ... x x 


1 


1 


k th 


column 


1 


Change in the last few equations will affect only the last few L's. 
Similarly if i«e choose U's in the form 
1 

1 


1 


1 

1 X X .... XX 

! ( 25 ) 

1 

• # 

1 

1 

Change in the last few equations will affect only the first few U's. 
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msimzATiQBr of fill-ih’s 


Ve have concluded earlier that the essential details of sparse matrix 
technioues is to keep the inverse in the elimination form and to organise 


the details such that the total number of non-zero elements remain snail. 

How we shall discuss sane of the details in this connection so that we can 
formulate schemes for devising near optimal ordering. 

At each stage of Gaussian Elimination multiples of a row are subtracted 
from several other rows of the matrix. This generally leads to the creation 

of non-zero elements in place of zero elements. If for example, at the 

. th . 
k stage. 


a (fc) (lc) . GO 

a kk ’ a ik ’ and a k3 
(k) 

are all non-zero and if a. . = 0, where i and j are greater than k, then 

ID 

at the end of the k^ stage aPf"^ ^ will be non-zero. Thus a zero in the 

iD 

(i,D) position of A^' C ^ becomes a non-zero in . The total number of 

(k) (k+1 ) 

all such elements that change from zero in A v J to non-zero in A is 

(k) 

called the local fill-in. If instead of choosing a ^. as the pivot in 

th (k ) 

the k stage we select another non-zero element a^_ ' as the pivot then 

we have to interchange the k^ and the s^ rows and k^* 1 and the t^ 

columns of A v J before computing A v J before proceeding with the further 

elimination. In order to decide which would be the best such non-zero 

element to choose we proceed with the following discussion. 

Let be the matrix obtained from the last n-k+1 rows and columns 

of A^^ by replacing all the non-zero elements by unity. If B^ is the 

transpose of the matrix which results when each zero element of B^ Is 

' ' "fell 

changed to unity and vice-versa then local fill-in is given by (i, j ) 
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elenent c" the matrix E. = 3. B. 3. . Thus by lookin' at the elements of 

1: k k k 

-1 

B^_ 3^. we can decide the pivot which will give the ad.nir.iun fill-in at 

each stage of the elimination, Though such locul minimisation cannot be 
proved to give the global minimum it does produce a substantial decrease 
in the non-zero elements. 

A less accurate but a simpler method for minimizing the fill-in is 
described below. 

If + k-1 , J+k-1 is chosen as the pivot at the k^ stage of the 

Gaussian Elimination then it can be proved that the maximum possible fill- 
in (not the actual fill-in) is given by the (i,j) element of 


be = ^ - I} ^ - I) 

where II is a matrix of all ones. 

Since the proof of the above will give a better insight into the 

details needed in programming we proceed to discuss the same. 

If in A^ k ' the (p+k-1 , q+k-1 ) element is zero but both (i+k-1 , 

q+lc-1 ) and (p+k-1, j+k-1 ) are non-zero, then it follows that (p+k-1, q+k-1 ) 
(k+1 ) .. 


elenent of A 


will be non-zero. This is equivalent to saying that if 

(k) _ 


b = 0 
pq 


and 


b (k) _ ^(k) _ 1 
iq. pd 


.00 , 


•here b^ ' is the (p,q) element of B, then one new non-zero element is 
pq 7 k 


M 


created. If g . denotes the total number of new non-zero elements 
created at the k stage then 

(k) y v*b^ (i - b^) b^ k ? 

= Z_ Z_ xq pq P3 

J p q 


(i) 


Hie restriction p ^ i and q ^ j can be dropped since it can easily be 
seen that the corresponding terns in the summation will be zero and the 
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above resLjlt can be written as 


(k) V > ej B, e (l-e 1 B e„ ) e 1 B e. 

8^ = JL. 7- i It B p k 8 P k 3 

J p q 

If M is a matrix of appropriate orderof all ones then 


( 2 ) 


1 - e 1 3. e„ = e 1 Me„ - e 1 B, e„ = e 1 (iff - B, ) e„ = e 1 B, e_ (3 ) 

p K q p q pkq p v k q pkq 

Since the last quantity a scalar we can write it as its transpose and 

thus we get 

A A 

(4) 


1 


1 - e* B. e = el if e 

pkq q k p 


Therefore, from (2) we get 


,(k) yZ-el B. e_e^ B? e e^B.e. = e^B. yL~ e e'B, /X e e^B. e, 

= p q 1 k <1 <1 k P P k 3 i k 9 qlc ppk j 


- 4 \ ^ V; 


(5) 


Since e e 

q i 4 


1 _ y . _ T 

— f— e_ e__ — I « 


1 

P > 


This conpletes the proof that the local fill-in is given by (i,j ) element 


of 


a - 4 \ 


(6) 


k k 

For the proof of the next result it is clear that the fill-in cannot be 
more than 


h S )= k-b ^ v/±, 1/ 3 


( 7 ) 


= (f - 1) ( r ; b< k ? . 1) 

\ n r% ' v r\ -1 ' 


since b 


iq ' ' P 3 ' ID 

'i P 

(e. 1 B. 2V -1) ( X e 1 B, e . - 1 ) 
v iK q q p pka 


to = , 
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= (el 3 7 - 1) (v 3 e. - l) 

i k k Mr k 3 

= (el B. 7 , - elv )(vhe. - V.h ■ 
0 k k i k Me k n k i 


k 

hJiere is a coluron vector of all ones of order n ~ k + 1 


'Thus h 


h] = e 1 (B. - i) V ‘ T (B. - l)e . = e) (B. - i) M(3, - l)e. (8) 
10 1 k ' k k k i l k k 3 


since 7^.7.^ = M 


If we choose pivot (i,o) such that 
(k) , 


h\ ( is least then we will possibly have least fill-in. 

As an application of the above consider the case where we have the 

original matrix as symmetric and suppose we decide to have the pivots 

chosen only along the diagonal. It can easily be shown that the trans- 

(k+1 ) 


formed matrices i.e., last n-k rows and columns of A 
In this case it follows: 


are symmetric, 


h^F? = (el B. V - 1 ) (y! Be. -l) = (eh, 7, - 1 ) Since B? = B. 

10 ikk k k i ikk k k 


10 

Therefore the pivotal row x to be chosen is such that 

h^ = Min (e^ 3 7, - 1 ) 2 
xx i m k 


But the index x is the same as which minimises 


e i B k h 


1 


or e B, 7, 
ikk 


Since e] B, 7, >,1 

ikk/ 


It is easy to see that e. B 1 7 is the total number of non-tzero elements 

ikk ■ v . 

(k) 

of (i + k - 1 )th row of A . Thus the ro w and the corresponding cdLumn 
having the least number of non zero elements is chosen at each stage as 
the pivot. This is relatively simple and easy to do and therefore is 
recommended in power system application. 


a 


It can be easily shorn that if a},/ . . ,, , is chosen as the pivot 

i+k-1 ? j+k~l * 

-j 

then e^. is the total number of multiplications and divisions 

recurred. Hence if one wishes to have a balance between storage and 
computing then one will have to consider weighted average of B^JB^ B^. and 
B^M, 3^.. In large sparse matrices minimizing the local fill-ins is more 
important than minimizing local computational effort because the former 
tends to minimize the computational effort in the later stage by keeping 


B^. sparse. 




TEIAlTGUItlR- DSC 0I-3P0SI II OIT 


We shall now consider the decomposition of A into a product of upper 
and lower triangular matrix L and U namely 

A = DU (l ) 

If the factorisation (l ) is known then we can find 

( 2 ) 


-1 _i — " _i 

A = U I 


-1 ~~_1 

Since L and U are triangular the elimination form of U and L can easily 


be found. If we require the solution of 

Ax = b 


(3) 


-1 '•'■‘-1 

for only one right hand side then we need not evaluate U and L but can 
directly get by solving the two sets of equations. 

1 y = b 

and U x = y (4) 

"fctl 

let ij element of 1 and U be defined by 1 . . and u. . then choosing U = 1 

13 

for K = 1,2, n we can proceed to get 1. . and u. . as follows. In 

Id i *J 

equation ( 5 ) we have shown the details for a 4 x 4 matrix. Multiplying the 
two matrices we proceed to determine the 1 1 s and U*s in the following order. 


( 


*11 

0 

0 

0 


X 22 

0 

0 

Si 

1 32 

X 33 

0 

X 41 

X 42 

1 43 

1 44 




1 

0 

0 

0 


u, 

1 

0 

0 


12 


u, 


u 


13 

23 

1 

0 



(5) 


Consider the elements of the first column of A and we get 

a i1 = Si 

from vhich we get the first cdLumn elements at 1 as 

1 il = a i1 


( 6 ) 


(T) ' 
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Now consider the first row of A for j /’I 

j ^ 


a_. = 1* * u , 


13 


’11 ij 


( 8 ) 


3?ron (s) we get 

U lj = °13 / X 11 = a id / a ii 3 • >1 ^ 9 ' 

-'■V 

Thus the first column elements of L and the first row elements of U have 

been determined* Nov; we can proceed to get the second column of L and 

second row of U. Suppose that the first k - 1 columns If I and the first 

k - 1 rows of U have been determined then the equations to determine the 

elements of the k^* 1 column of L will be as follows: 
k-1 

a., = y 1. u + 1 , i V, k 

>i tn vnV A lr^ V 


ik 


p=1 


ip pk ik’ 


hk - V 

p=i 


i ^k 


(10) 


■^ik Can -^ oun< ^ from (lO) since the first (k-1 ) columns of I and (k-1 ) 
rows of u are known. The enuations to determine the Irtli row of U will be 


°k3 


k 


p=1 


1. u . 
kp p3 


3 > k 


Since 1. „ and u . for p Z. k-1 and 1. , are already known we write 
kp pO - 1 — kk ^ 

k-1 


a kj 1 kk u k5 + -“"T 1 kp U p3 

JJ I 


U k3 ^3 “ "E, 1 kp U pD^\k 


( 11 ) 


Thus the elements of the k^* 1 column of 1 and k^ 1 row of U are det ermined. 


This shows that successively all the elements of 1 and U can be evaluated. 
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X'liis nethc' 1 is called the Crout Method. Just as in Gaussian Elimination 
the numerical stability in Crout Method also is improved if we do partial 
pivoting* That is we interchange a chosen row and k^* 1 row of L and A 
before we proceed to evaluate the k 1 column of L and K row of U. Thus 
if we denote the computed L and U by I and U and the row permutation by 
the matrix P then 

A A 

P A = L U (12) 

Wilkinson has proved that this process is very accurate if the inner pro- 
duct accumulations in (lO) and (ll) were to double precision. 

In sparse matrix computations one would like to keep the fill-ins 
minimum. That is the total number of non-zero elements of L and U should 
not be much more than that in A. We describe below a procedure by which 
we can get the minimum fill-in. The figure below depicts the starting of 

k stage of computation. That is the first (k-1 ) columns of 1 and (k-1 ) 

^ th 

rows of U column of 1 and k row of U. 
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Let 3^. denote the matrix which results Then all the non-zero elements of 
the matrix shown in (l 3 ) are replaced by ■unity, let (i , j )th element of 


B, be denoted by bP*^ . Let S , 3? and U denote 
f , 3 k k X 


the submatrices. 


k 


Tc 


N, 


bH 

ID J 

1 >^k, 

D ^ k, 


h. (s) , 

1 D 9 

i 4 . k, 

D >/k, 

(1«) 

,(k) 

XD ’ 

i»D 7 / k 




¥e define 




(15) 


where * denotes Boolean matrix multiplication, i.e., the normal matrix 
multiplication with 1 +1 = 1 . let A k be the matrix obtained from /\ 

HZ 

by changing each of its non-zeros elements to unity and vice-versa, and let 

X © H k (16) 

where (?) denotes Boolean matrix addition, namely l(+)l=1. If 7 is 
a column vector of n - k + 1 , then let 

;(k) -1 

-(k) 

v» v * — 


c* ' = 7' -A 


and 


k 


Let and denote the and elements of 

If s and t are found such that 


and c 


(17) 

(18) 
(k) 


-(k) -(k) 

r s + c t = a 0 ** B X 


/-(k) -(k) \ 

(r ~ +0 8 ) 


and if complete cancellations in computing the Inner products in (lO) and 
(ll) are neglected then moving a , . to the (k,k)th position at the 

S+iC— 1 j *tJ“T*Hu*‘ 1 
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"til 

beginning of the k step of the Crout Method leads to the least local fill-in 


It is important that the element $ where p = s+k- 1 , q = t+k -1 chosen 
according to the above method does not become smaller than some pivot tole- 
rance after it is modified according to (lO). If it become less it can 
lead to large errors in the computations in (l 1 ). It is too laborious to 
apply this test before choosing the minimum fill-in pivot. In practice a 
few elements which lead to minimum or near minimum fill-in are first selec- 
ted and then tested for pivot tolerance. 

It is possible to use the selection of minimum fill-in pivots by simu- 
lating the Crout method on 3 ^ , i.e., the matrix obtained by unity and use 
the Boolean multiplication and additions in (lO) and (ll) to record the 
fill-in. In this way the pivots for each stage are selected priori" 
and & can be permuted to have all such pivots on the leading diagonal 
before the actual Crout Method is performed. This can be done if none of 
the computed pivots are smaller than . If A is positive definite then 
the pivots can be chosen in the above manner. 

We can have variation in Crout Method as follows. In this method the 
“bh, 

elements of k row of L are computed by using the formula 

3-1 ■ 

1 k 3 = - 2: 

P =i 


1 , u . 
kp PD 


3 = 1,2, ... } k (19) 


k-1 

^kj = ^ a kj 1 kp U p j ^kk’ 3 = k+ 1 , ..., n (20) 

Equation (20) is the same as (ll). This method is advantageous if the 
elements of A are stored by rows. In power system one finds this type of 
storage more convenient because few of the equations which ones are likely 
to change are kept as the last equations and coefficients are stored by rows. 
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The order of computation is first row of L first row of U, second row 
of L, second row of U and so on. 

To minimise the local fill-ins it is perhaps lest to simulate the 
Crout Method and then choose the pivots a priori as mentioned earlier* 

The extra work involved in the Crout simulation is often worth the effort 
since the Newton method as applied to systems of non-linear equation, the 
equations have to be solved repeatedly but the sparseness structure of the 
equations remain unaltered. 

The amount of storage and computation needed in the Crout Method of 
or the above modification (Doolittle method) can be reduced if the system 
of equations are symmetric. Then A is non- singular and symmetric then we 
can write 



A = L I? 

(21) 

or 

A = II 1 U 

(22) 


provided A has been arranged in such a manner that none c£ the principal 

'V’ 

submatrices are singular. 1 is the unique lower trangular and U the unique 
upper triangular matrix. 

If A = then 


J u , u . = a, k</_;j, 

P k pa 


th 


and therefore the k row of U is given by 

o 

h - Kk -S 

p=1 y 

and 


fc -1 

~ ^ U pk U p3^\k 


(23) 


(24) 

(25) 
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k -- 1 

where ^T' ( ... ) - 0 for k - 1 . The .-.ho ve eeu:: ti o:is "re used alternatively 

P-1 

to compute the rows cf U. The diagonal elements u sn.v be coupler numbers, 
if A is non positive definite. 

The above method is called the Cholesky method, then A is positive 
definite symmetric matrix Cholesky method is considered the best method for 
triangular decomposition. Ho row or column interchanges are required to 
keep round-off errors small. If A is symmetric but not positive definite 
then pivoting has to. be used to control round off errors and this destroys 
symmetry. Taking largest diagonal elements preserves symmetry but does not 
guarantee numerical stability cf round-off errors. 

In view of the above Cholesky Method can be used only if arbitrary order 
of decomposition does not affect numerical cc curacy. Fortunately it so 
happens that it can be applied to matrices arising in Power system applica- 


tion without adverse affects. 


A/P (TWERSIOH 

Por digital -to -analog conversion, just one technique 
is described. Though there may be some variations, the same 
technique is generally applicable for all digital-to-voltage 
or digital -to-curreht converters. 

Analog-to-digital conversion is somewhat more complex 
and thus a variety of different methods is commonly used, 
in these notes the four most common methods are described. 

Of these, the successive approximation converter is most 
generally used since it provides good performance over a wide 
range of applications at a reasonable cost. However, if the 
converter is to be used only in a single application, various 

other methods may be preferred for better performance or lower 
cost. 

I-t is suggested that these notes be read as a brief 
development of the principles of conversion, rather than a 
delineation of specific methods. 

Pi gital-to- Analog Conversion 

To convert from a digital number to an analog voltage, 
a resistive divider network is connected to the flip-flop 
register which holds the digital number (See Tigure 1). The 
divider network is weighted so that each of the register will 
contribute to the out|®.t voltage in proportion to its value. 


la 

The level amplifiers, divider network, and reference 
supply shown in ELgure 1 are basic to a digital- to -analog 
convert er. 

Analog-to-Digital Conversion 

The basis of analog- to -digital conversion is the 
comparator circuit. This circuit compares an unknown voltage 
with a reference voltage and indicates which of the two is 
larger. 


simultaneous method 

Tigure 2 shows how a simple simultaneous analog-to- 
digital converter can be built using several comparator cir 
cirvuits. Each comparator has a reference input signal. 

The other input terminal of tho comparators is driven by 
the unknown input analog signal, which is between 0 and 7 
volts. The comparator is called ' 'ON 1 if tho analog input 
is larger than tho reference input. Then , if none of the 
comparators are on, the analog input must be loss than 
If 0-1 is on, and 0-2 and 0-3 are off, the input must be 
between j and ^ . Similarly, if 0-1 and C-2 are on, and 
C-3 off the voltage is between ^ and * and if all the 

comparators are on, the voltage is greater than 


4 



» V 




Figure 2 Simultaneous Analog -to -Digital Converter 

Here, the voltage range is divided into four parts, 
which can be coded to give two binary bits of information, 
Seven Comparators would give three bits of binary information. 

Fifteen comparators would give four bits. In general, 2 n -l 
comparators will give H bits of binary information. 

The simultaneous method is extremely fast fir small 
resolution systems. For large resolution systems (a large 
number of bits), this method requires so many comparators 
that it becomes unwieldly and prohibitively costly. 





feedback method 


If the reference voltage were variable, only one 
comparator would be needed* Each of the possible reference 
voltages could be applied in turn to determine when the 
reference and the input were equal. But a digitally controlled 
variable reference is simply a dig it al-to- analog converter. 

Thus the generalized analog -to -digital converter shown in 
Figure 3 is actually a colsed-loop feedback system. The main 
components are the same as a digital-to-analog converter plus 
the comparator and some control logic, With a digital number 
in the DaC (digital-to-analog converter) the comparator indicat 
whether the corresponding voltage is larger or smaller than the 
input. With this information, the digital number is modified 
and compared again. _ _ 



Figure 3 Analog-to -Digital Converter Incorporatirg a Digital 
To- Analog Converter 
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Numerous methods may he used for controlling the 
conversion. The simplest way is to start at zero and count 
until the DAC output equals or exceeds the analog input. 


Jlgure 4 shows a converter in which the DaC register is 
a counter, and a pulse source has been added. The gate stops 
pulses from entering the counter when the comparator 
indicates that the conversion is complete. ' 



ligure 4 Counter Converter 

The counter method is good for high resolution systems. 
As the number of bits is increased, very little additional 
circuitry is needed. Multiple inputs can easily be ©onverted 
simultaneously ( as described under Multiplexing later in the 
notes). However, conversion time increases rapidly with the 
number of bits, since an N-bit converter must allow time for 








2 n counts to accumulate. The average conversion time will, of 
course, he half this number. 


COIfTimiOUs METHOD 


A slight modification of the counter method is to 
replace the simple counter with an up-down counter as in 
Tigure 5. In this case, once the proper digital representa- 
tion has been found, the converter can continuously flow 
the analog voltage, thus providing readout at an extremely 
rapid rate. This method, called continuous conversion, is 
Particularly useful when a single channel of information is to 
be converted. The converter starts running, and the digital 
equivalent of the input voltage can be sampled at any time. 
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ELgure 5 Continuous Converter 









The continuous method is loss effecting for multiple 
inputs or for inputs that change faster than the converter can 
charge. Bach time the input makes a large charge , the 
converter may require as many as 2 11 steps to catch up. 

However, if a rapid rato of change is necessary, extra 
comparators may he added so that the up-down counter can count 
in units of 2,3/4 or more. 

SUCCESSIVE APPROXIMATION METHOD 

For higher speed conversion of many channels, the 
successive approximation converter is used. This method 
requires only one step per hit to convert any number. The 
successive approximation analog -to -digital converter operates 

hy repeatedly dividing the voltage range in half as follows: 



Thus, the system first trios 100, or half scale. Next 
it tries either quarter scale (010) or three-fourths scale 
(110) depending on whether the first approximation was too 
large or too small. After three approximations, a 3-hit 
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digital number is resolved. 


Successive approximation is a little more elaborate 
than the previous methods since it requires a control 
register to gate pulses to the first bit, then the second 
bit, and so on. However, the additional cost is small and 
the converter handles all types of signals about equally fast. 
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Figure 6 Successive Approximation Converter 

The successive approximation method is good for 
general use. It handles many continuous and discontinuous 

signals and large and small resolution conversions at a 
moderate speed and moderate cost. 

Sample and Hold 

A Sample and hold circuit is used in an analog -to- 
digital converter whenever it is desirable to make a 








measurement on a signal and to know precisely when the input 
signal corresponded to th results of the measurement. Xt is 
also used to increase the duration of a signal. 

The sample and hold circuit can be represented as shown 
in ligure 7 . When the switch is colsed, the capacitor is 

is charged to the value of the input signal; then it follows 


the input. When the switch is opened, the capacitor holds 
the same voltage that it had at the instant the switch was 
opened. 



Tigure 7 Sample and Hold 


It is possible to build a sample and hold circuit just as 

shown here. Often, the same circuit is used with a high 
gain amplifier to increase the driving current available into 
the capacitor or to isolate the capacitor from an external 
load on the output. In some cases, this sample and hoM is 
made entirely differently; but from a logical point of view 
it acts as the ideal component shown. 



The acquisition time of a sample and hold is the time 
required for the capacitor to charge up to the value of the 
input signal after the switch is first shorted. The aperture 
time ( see definition. Chapter 2) is the time required for the 
switch to change state and the uncertainty in the time that 
that this change of state occurs. The holding tame is the 
length of time the circuit can hold a charge without dropping 
more than a specified percentage of its initial value. 

MULTIPLEX! Mr 

Often it is desirable to multiplex a number of analog 
channels into a single digital channel or conversely a single 
digital channel into a number of analog channels. Multiplexing 
can take place in the digital realm, the analog realm, or in 
the conversion process. 

digital-to-analog 

In digital-to-analog conversion, a common problem is to 
take digital dinformation which is arriving sequentially from 
one device, such as a digital computer, and to distribute 
this information to a number of analog devices. Usually it is 
necessary to hold the information on the analog channel even 
when it is not being addressed from the digital device. 

There are two ways to multiplex. A separate digital-to-analog 
converter may be used for each channel as shown in Tigure 8. 
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In this case, the storage device is the digital buffer 
associated with the converter. Or, a single digit al-to-analog 
converting may be used, together with a set of multiplexing 
swatches and a sample and hold circuit on each analog chahnel . 
The cost of the first method is slightly more than the cost 
of the second method, but it has the advantage that the 
information can be held on the analog channel for an inde- 
finite period of time -without deteriorating; whereas with the 
multiple sample and hold technique, it is necessary to renew 
the signal on the sample and hold at periodic intervals. 
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In analog -to -digital conversion, it is more common to 
multiplex the inputs in the analog realm. Here switches, either 
r elays or solid state, are used to connect the inputs to a. 
common bus. This bus goes into a single analog-to— digital 
converter which is used for all channels ( see ligure 9). If 
simultaneous time samples from all channels are required, a 
sample and hold circuit can be used ahead of each multiplexer 
switch. In this way, all channels would be sampled 
simultaneously and then switched to the converter sequentially. 
The multiplex switches and sample and holds will introduce some 
error into the system. However, it is usually less expensive 
to go to higher quality sample and hold and multiplex circuits 



ELgure 9 Multiplexed Analog-to -Digital Conversion System 






In a simple analog- jo-digital converter with a single 
comparator circuit, it is also possible to multiplex by 
using a separate comparator for each analog channel. One 
input of each comparator is tied to the voltage generating 
device in the converter. The other inputs are tied to the 
separate analog channels. The comparator to be used can be 
selected digitally. This method is particularly good when 
a small number of channels is to be multiplexed since it is 


quite simple and requires little additional control. Tbr a 
large number of channels* separate multiplexer switches are 
usually less expensive and more accurate as they do not put 


any load on the voltage generating device of the converter, 
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Hgure 10 Counter Type Analog-to -Digital Converter with 
Multiplexed Input, 

The comparator multiplexing technique is particularly 

useful with the counter type analog -to -digital converter. 

This technique is shown in ligure IX). Several comparators 
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are attached to one converter. The counter is cleared; then 
count pulses are applied. When one of the comparators signals 
that the digit al-to- analog output is greater than the input 
voltage on that channel, the contents of the counter are read 
out. Counting is then resumed until the next signal is 
received* 


(Taken from A/D Conversion Handbook, DEC, USA ) 



POWER CRISIS — CHALlEFISo ARE RESPONSE* 

M.A. Pai 

Professor of Electrical Engineering and 
Dean of Research and Development 
Indian Institute cf Technology 
Kanpur 20601 6 


I ntroduction 

It is customary to start a talk on power crisis with statistics 
relating as to how low we are in our capita consumption of electric 
power compared to the more developed countries and the extent of 
power shortage prevailing at present. The figure stands at an 
all-India average of just over 100 units (kwh; per year with a high 
of 170 in Punjab and a low of around 60 in TJ.P. Maharashtra is 
close to the all-India average. Also statistics-wise our generation 
capacity is" about 23? 000 MW now and by optimistic estimates we 
should be adding from now on about 2000-3000 MW of generating cap- 
acity every year during the Sixth Eive-Year Plan (rolling plan) 
starting April 1973. The power grids of individual states are 
getting increasingly interconnected with other states paving way 
for regional grids. The concepts of regional grids are well 
established and accepted “in principle” by all parties concerned, 
to use a bureaucratic phrase. However, real integrated power 
system operation is yet to begin. Plans are afoot to set up super 
thermal power stations of 2000 MW capacity at four places in the 
country North, East, West and South. Yet with all these plans we 
are facing a power crisis year after year, with the crisis assuming 
alarming proportions during the summer months. Several symposia 
and seminars have been held to analyze and prescribe remedies for 
overcoming these power shortages. The results of implementation 
are however not visible or documented. In this lecture I would 
like to share a few thoughts with you with perhaps a stress on 
medium- and long-range problems as opposed to short-range measures. 
With a galaxy of top power engineers in front of me, it is idle for 
me to pretend that I can offer any short-term solutions that they 
have not already thought of. Any way sometimes repetitions are 
unavoidable and can stimulate better discussion. j 

Any discussion of the power crisis in India must take note of the j 
fact that the story of power crisis has also hidden within it a ; 

story of achievement also. The power industry in our country has j 
come a long way since independence and particularly after the plannedj 
development starting in 1951 • Systematically the power generation 


*Annual lecture of IEE, delivered at Bombay on December 7? 1977* 
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capacity of the country has increased from 1900 M in 1947 to 
23,000 MW in 1977, which is more than a tenfold increase in 30 
years, ihis in itself is a matter of achievement. The success 
story referred to was in respect of the near self-sufficiency in 
power generating equipment that we have achieved. In the Fifth 
Five-Year Flan, for example, nearly 80 per cent of the installed 
capacity was due to BHEl? India's first 400 KV transmission. line 
has just been energized at Obra in UPSEB and a 500 MW set will 
be installed shortly in Bombay region with a large component of 
indigenous system engineering built into it. Coupled with this 
self-sufficiency in generating equipment was the building up. of 
the infra-structure in other areas of transmission and distribution, 
such as, manufacture of towers, switch gear, instrumentation both 
in the public and the private sector. The technical expertise 
available in our consultancy organizations has now matured to a 
point where they are in demand both in India and abroad. Yet in 
spite of all these achievements we still face a power crisis. 

What is the reason? 


Problems and Short-term Measures 

The power crisis has several factors contributing to its becoming 

an acute problem that it is today s 

1 The fact that demand for electric power doubles in a developing 
country every five years as opposed to a corresponding period 
of 8-10 years in more developed countries. 

2 There is no optimum utilization of the existing generating 
capacity. Our generating capacity is being used for 3600 hours 
a. year out of a maximum of 8760 hours, while in advanced count- 
ries the figure is close to 5000 hours. 

3 The standards of Operations and Maintenance of our generation, 
transmission and distribution system is below desired norms 
resulting in frequent outages. 

4 There are no proper power conservation measures. 

5 Erratic monsoons have caused a shortage in hydro-electric 
power generation. 

6 Belay in execution of new projects. 

7 There is no interchange of power between surplus and deficit 

states . ' n 

8 Heavy losses transmission losses. The figure of 20 per cent 

losses is much higher compared to loss than. 10 per cent in 
advanced countries. ' 7 
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As I said earlier many of these factors hove been known to most 
of us for a long time and short-term measure s have been- proposed 
to tackle some of the problems. But these are rarely implemented 
except of course the inevitable load shedding with which consumers, 
particularly industrial and agricultural, are familiar with. To 
implement the other measures proposed one needs to view the power 
crisis on almost a war footing. One has just to recall the famous 
blackout of 1965, the oil embargo of 1973 in USA or the coal miners' 
strike in Britain in 1 974 which galvanized the entire nation into 
activity and thereafter power and. energy conservation has almost 
become a religion at all levels of public life; Various types 
of energy conservation measures by industry have already been put 
in practice. One has only to contrast it with the complacency in 
our own country. In the area of power crisis, it seems to me that 
it is just not a matter giving arm-chair advice to electric uti- 
lities, but one of joint effort by consumer (big and small) and j 

the electric utilities for solving the problem by offering pragmatic j 
solutions. Well-proven and tested solutions of other developed 
countries are- hardly applicable in a country like India. We need 
to develop indigenous solutions for indigenous problems. 

let us quickly look at some of the short-term solutions s ; 

1 load shedding and staggering of loads to even out the load 

curve are the obvious ones which are being implemented all over. . 

: : ' . ' , I 

' ■' », ■ , « - , " | 

2 Bower conservation by consumers, small and big. This is a j 

neglected area by many of the utilities. Energy cut on domestic I 
and commercial consumers is very rarely implemented. They const- ; 
itute nearly 15 per cent of the country’s electric energy consumption 
A few utilities enforce such a cut only during some critical months | 
in a year. Power conservation through cuts should become a year I 
round feature for many years to come. The energy so saved could 
be diverted towards industries, particularly small-scale ones. | 

Enforcement of cut and its implementation calls for a certain amount 
of integrity and discipline on the part of utilities and consumers, j 

Power conservation measures by big industrial consumers may be | 

achieved by several technical means. In developed countries it j 

has been receiving increased attention. To achieve significant | 

results, an industrial energy conservation programme must be a j 

proper programme of engineering, education and encouragement, j 

engineering to design more efficient processes in equipment and 
to help identify to evaluate changes and improvements; education 
so that energy users can look for, recognize and take full advant- 
age of these opportunities; and encouragement, to provide motivation; 
for every one involved and that means everyone in industry. Support; 
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of top management and entrusting the responsibility for overseeing 
the programme to a small tas : force- are some of the essential steps. 

Technical means of cutting down the use of all kinds of energy in 
big plants, such as, steel plants, rolling mills, big factories 
range in complexity from using computers to simple timers for 
regulating efficient use of electricity and fuel. Use of mini 
computers for monitoring and controlling of the electric power 
has produced resultant savings ranging from 10-20 per cent in many 
big US firms. One has, of course, to balance the savings against 
costs of computers which are coming down in world market due to 
advent of microprocessors. 

3 Introduction of differential day and night rate structure 
which will encourage industrial consumers to use power during off- 
peak hours. This is admittedly an attractive proposition, but 

in our country the problem of clock control/instrumentation as 
well co-operation of consumer is required. 

4 Finally immediate attention should be given to reduce the 
T&D losses from the present figure of 20 per cent to a reasonable 
level around 10 por cent. On EHV grids maintenance of improved 
voltage profile through injection of leading MAR (synchronous 
condensors/capacitors) and the introduction of capacitors in HV 
distribution system will go a long way in reducing losses. A 
major cause for high T&D losses is the need for a wide network 
of rural electrified lines specially at low voltage . There is 
very little that can be done on this front for some time to come. 

5 Better operation and maintenance of the power system. 

On this topic there have been many seminars and shall just sum- 
marize their recommendations in this regard ; 

a) In the field of operation the main defect seems to be in not 
agreeing for pooled operation 6f neighbouring power systems, so 
that advantage can be taken of diversity of load, ^(sharing of short- 
ages, surpluses as well as night loads can take place. Basically 
this requires a study of system power flow in state grids and bet- 
ween grids under different l-.oading conditions. 

b) In the case of operation of power stations, a big gap has been 
identified in the area of trained manpower not only for operation 
but maintenance of electrical, mechanical and instrumentation sec- 
tions. Use of simulators for training should be adopted. The 
Tata Electric Company have developed indigenously a training 
simulator for thermal power plant operators. 

V .. .. - ' ■' ■ . ■ k‘ 
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c) Need to improve quality of coal supplied to thermal stations. 

d) In regard to maintenance, there should be co-ordination between 
neighbouring states in planning shut-downs so that benefits cl inter- 
connected operation can be realized. 

e) Proper liaison and feedback with manufacturer (in this case 
mostly BHEI) be maintained so that maintenance is carried as per 
schedule. Xt has almost become a national pastime among power 
engineers to decry the quality of indigenous equipment. This 
tendency must be arrested. Let us face the fact that forced out- 
age rate . of new unit sizes is always higher in any country and not 
just India. It is only with proper feedback and technical discus- 
sion with manufacturer that the forced outage rate can be brought 
down. By any yardstick the record of BHEL in the power landscape 
of our country is a good one. That we can do better is true for 
any sector. 

6 The overall efficiencies of steam power stations in India is 
about 27 per cent. This is considerably lower than the efficiencies 
of close to 40 per cent in advanced countries. The big gap is more 
due to advanced technology rather than just inefficient operation. 
Some of the contributing factors for improved efficiencies in dev- 
eloped countries are s 


1 Jin increase in unit size which has reduced the capital cost/ 
KW by 60 per cent. 

2 Unit arrangement of turbine -boiler design which has reduced 
capital costs. 


3 Evolution of super-critical steam pressures and high temper- 
atures in boilers which has resulted in major breakthroughs 
in thermal efficiencies. 


With these thoughts on short-range solutions let us have a somewhat 
larger range perspective of power planning in our country. 


The investments in the power sector are going to be of the same 

m0re i n futur ? five year or rolling plans. There is 
therefore no room for complacency. If past lessons are any guide 

of e our r nower a svq+PmQ t on Planning and subsequent operation 

rmo,ro systems* In this context the computer is going to' 

?n P 11 ? Electricity Boards have been rather slow 

nracticpq^fyp ^ ^ °, ^eir benefit. Just as our poor maintenance 

J c ®f sre due to lack of trained manpower, a similar lacuna 

I shall brieflj aieli a En 1 this 1 2s P IJt? 0 “ I>UterS °“ 0Ur power 3 ^ ai:ems - 
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Computer* s Role 

The computer is used in the day-to-day operation as well as in 
planning for its future growth. Computer applications assist the 
industry in achieving the objective of reducing cost of energy 
delivered to consumers, improving quality of service and enhancing 
the quality of the environment. 

The spectrum of computer use covers planning , scheduling of gen- 
eration and centralized as well as local control. 

The major technical computer applications includes ; 

1 Power system simulation for planning purposes 

2 Real-time monitoring and control of power systems — 
energy control centres (load despatch centres) 

3 Management Information Systems 
P ower System Simulation 

This is one of the earliest uses to which the computer was put by 
the power industry in the late 50* a. Digital computers have now 
replaced network analysers for most power system simulations be- 
cause they are more convenient, versatile and accurate. Indian^ 
power industry was a bit late in recognizing this trend. In spite 
of the fact that most of them have access to a modern fast computer,! 
very little has been done to generate in-house expertise for this 
purpose. Our Electricity Boards cannot afford to ignore the impact ! 
of computer on power system planning and operation any more. A 
complete break with the past is called for. It is not that we do 
not have expertise in this area; there is plenty of it. It is 
the lack of organizational re-structuring and encouragement from ^ 
t op management on the part of Electricity Boards which is inhibiting! 
the computer usage. We must accept computer in the same way that 
we accept slide rule'. 4 | 

One of the basic types of simulations is power flow studies. This j 
study provides description of the balanced steady-state operation 
of the power system. The output of this programme is essential | 
for system design and operation. These data help determine ratings 
locations and time schedules for system additions, help to evaluate . 
the effects of outages hnd aid engineers in finding ways to redupe 
losses and to answer a host of other questions that arise in plan- 
ning and operating a power system. 



7 


Computer programmes are available ip. India with consultancy 
firms and educational institutions for systems up to 500 buses using 
latest mathematical techniques. Programmes can be developed 
to include features for adjusting generator voltages, changing 
transformer tap* and controlling reactive sources to regulate 
overall system voltage as well as adjust generator power outputs 
to satisfy interchanges with other Electricity Board Systems. 

The more advanced programmes also minimize a cost function su*h 
as losses or cost of generation while arriving at a solution. 

The planning section of an Electricity Board might like to run at 
a power flow 5-6 times a day in our country and the operating 
section perhaps many more times than that to examine various 
loading conditions in the grid. Consequently this is not a task 
that can be given to consulting firms* Expertise must be avail- 
able within the organization. Programmes are easily available, 

for this study as well as two other studies, namely, short 
circuit and transient stability* 

Transient stability helps to study whether the system can be 
restored to a stable operation following a sudden disturbance. 
Accurate modelling of various subsystems is crucial for this 
study. Eor extended simulation, when cascading events resulting 
in system break up or regional blackouts occur, the time span 
covers minutes. Here new models for turbines, governors, exciters 
as well as faster numerical techniques are employed. In the case 
of large interconnected systems, coherent generators aye grouped 
together. Generators closer to the disturbance are modelled 
accurately whereas those further away are modelled approximately 

Another programme that is of importance to the design section of 
an utility is the Electromagnetic Transients programme. Detailed 
knowledge of effects of transients is necessary for determining 
proper insulation levels, for installing protective measures to 
limit failures, for investigating interference in neighbouring 
communication lines etc. Although these can be studied on the 
digital computer, use of a Transient Network Analysis (TNA) is 
made as a check on the digital calculation. 

Eour of the above programmes constitute the 'bread and butter” 
of any Electricity Board planning and design circle. As systems 
become big or batch processing jobs result in larger turn around 
times, interactive simulation programmes via a CRT terminal must 
be employed. Computer graphics is another possibility whereby 
a planning engineer obtains power flow information on a system | 

diagram on CRT screen rather than computer listings. You may j 

naturally wonder whether these are possible in India at all. 

I am optimistic looking at the highly capable young engineering 
graduates that we have in this country. Given the •hallenge 


8 


they will rise to the occasion. For example an interactive load 
Plow programme was developed at ICS during a summer assignment 
of a B.iech. student working with software experts and guidance 
of a faculty member. 

My plea therefore is that all Electricity Boards must create 
computer simulation cells and through appropriate manpower 
training programmes, as a first step, and develop capability 
and expertise to do in-house simulation of the type described 
above. This is the beginning of the dawn of computer culture 
and as experience shows this has. a snowballing effect, i.e., 
engineers will on their own apply the computer for other situ- 
ations. 

The second area of computer is pertaining to real time control. 

This is a computer operating in the load despatch center which 
can be dedicated completely to real-time functions or perform 
both real-time and off-line jobs. Among the real-time •ontrol 
functions it can perform. 

1 Data acquisition and displays The circuit breaker switch 
positions, line measurements, bus voltages etc. are all processed 
through a state estimation programme to remove measurement and 
telemetry errors and on demand the despatcher can have on his 
CRT console any desired portion of his system displayed with 
voltage, M! , WAR flows etc. 

2 Automatic generation control (load Frequency Control) j 

3 Security analysis and control. 

4 load forecasting, on-line load flow, unit commitment, maintenance | 

scheduling, programmes etc. j 

Except at Tata Electric Company, we do not have a computer controlled 
load despatch centre. But apparently quite a few systems are at 
the tendering stage. It will be a pity if system engineering for 
these tasks is given to foreign experts. 



Once a computer culture builds up in our Electricity Boards, _ 
computer can be used a tool in corporate planning, construction, 
inventory control etc. Billing by computer is important but not 
the only use of the computer by management . 
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Future _ Power Optio ns 

Any decision for future power options by India must be made on 
the basis of a good model of electric energy growth. The time 
span of such forecasts generally ranges from 5 to 25 years which 
will take us to the 21st century. In view of the depleting non- 
renewable resources such as coal and the escalating prices of oil 
etc., we have also to consider alternative modes of electric energy 
besides fossil fuel based thermal, hydro and nuclear. Whatever 
past surveys that we have done is already outdated in the face 
of present-day imperatives. In practically every developed 
country there are strong teams of researchers working in this area. 
In particular I refer to an active international group called IIASA 
(International Institute of Applied Systems Analysis) based in 
Austria which is considering on a global scale the energy options 
for mankind. With participation from individual countries, they 
also examine national energy models. India must associate with 
such an organization so that our long-range policy decisions may 
be guided by rational consideration. 

Coming back to electric energy forecasting the electric energy- 
consumption is expected to go up from the present 75 s OOO million 
units to over 10^ million units by 2000 AD. This implies that 
our generating capacity will go up from the present 23? 000 MW to 
little over 200,^00 MW. This is at best a thumb rule approximation 
since we have not yet developed a. basis for scientific electric 
energy forecasting. Each of the four regional grids will be around 
50,000 MW from the present 4>000 MW each. 

In future power planning the first thing that comes to our mind 
is higher unit sizes and higher transmission voltages. Currently 
we have the highest unit size as 200 MW. Rule of the thumb is 
that the highest unit size should be about 5-7 per cent of the 
peak load in grid. By that standard 200 MW seems to be the optimum 
one right now. But when we look at the power scenario in 1980's, 
the 500 MW unit size seems to be appropriate. Hence the present 
decision of Tata Electric Company to go for a 500 MW immediately 
although a bit bold from the poin^ of reliability considerations 
is nevertheless a sound decision from the point of view developing 
indigenous know-how. I am sure along with the 500 MW installation 
the western grid will be strengthened to enhance security of the 
power system, looking further, by early 1990's it is reasonable 
to assume that we will ready for unit sizes of 1000 MW. Unless 
we equip ourselves for these eventualities electricity will become 
more and more expensive in this country. 
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looking at transmission voltages it is said that the transmission 
voltages doubles in about 15-20 years. In 1954, 220 KV was 
introduced in India and now 400 KV has just been introduced, 
looking into future, 750 KV will be introduced just after 1990 11 
or earlier. If point to point transmission is considered then 
HVDC might become more economical. These technological alter- 
natives must be constantly examined. 

Next to these technological options one must consider the alter- 
native options in power generation. One hears quite a bit those 
days about various sources of power such as tidal power, wind 
power, geo-thermal power, power from bio-gas, MED generation, 
nuclear fusion, solar power etc. In the public mind newspaper 
reports carry the impression that these technologies are just 
around the corner and all we have to do is to appoint a consult- 
ancy firm and invite tenders'. The fact of the matter is that a s 
of today all these alternatives are very, very expensive and hence 
uneconomical for any country . Some of these are resource -limited 
such as geo-thermal. In India we have very little geo-thermal 
reserves, e.g., places such as Ladakh and some suspected sources 
in the western ghats. Tidal power will be uneconomical even well 
beyond 2000 AD. Wind power again will be expensive and available 
in small quantities. MED also falls in the same category-. With : 

all these ifs and buts we are really left with 4 long-range power 
options in our country. These are — j 

Coal-based thermal plants 

Hydro-electric Power 

Nuclear Power 

S olar Power I 

i. 

Scientists and engineers all over the world are seriously examining ; 
the engineering aspects of large scale generation of power from I 

solar energy. Solar heating and cooling has only marginal cent- ! 

ribution in alleviating our power crisis. j. 

The concepts in large-scale solar power generation will be explained . 
during the lecture particularly the solar power tower concept which . 
has immense possibilities in India around 2000 A3),- I 
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The Solar Option 

The search far renewable energy sources has placed the various 
possibilities for solar energy utilization in the center of 
the worldwide energy discussion. Many hope that it will provide 
an energy supply that is more evenly distributed over the globe. 
However, looking more closely into the matter, it soon becomes 
evident that solar energy conversion systems suitable for large 
scale substitution for fossil fuels would be highly capital 
intensive even in more favourable regions. 

The actual efficiency of a golar energy conversion system i3 
directly related to the climatic conditions of its location. 

In regions such as Central, Europe, the collection and conversion 
of solar energy is at least twice as expensive as in North .Africa, 
in the Southwestern United States, or in the middle Asian part 
of USSR. The factor determining this difference is the amount 
of solar radiation — the insolation — received cn the surface 
of the earth, and the proportion of direct solar radiation — 
that is, sunshade — in that amount. Linked to this factor are 
the technological options that can be implemented in the various 
regions, as is shown in Table '. This gives a sampling of solar 
energy inputs, their levels are examples of the measured global 
radiation onto a horizontal surface in representative locations. 

The "global radiation" consist^ primarily of direct solar radiation 
(sunshine) and diffuse solar ridiation (cloudy days). The "mere- 
useful" solar energy source is, of course, direct sunshine: it 
can he concentrated by heliostats (sun tracking mirrors) to produce 
high temperatures for generating steam that can power turbo- 
generators for production of electricity 5 and it can be used — 
again by concentration with mirrors — to increase the energy 
input on high cost energy absorbing surfaces such as photovoltaic 
arrays. In such a concept the energy output is increased, while 
the area of the expensive cells is decreased. 

Diffuse solar radiation, on the other hand, cannot be concentrated. 
It can therefore be used only by either non-concentrating, high 
quality flat plate collectors for low temperature applications 
such as water and space heating Systems, or by photovoltaic cells 
(without concentration), which deliver electricity from diffuse 
radiation as well. The overall system efficiencies of such photo- 
voltaic arrays are generally ih the order of 12 percent, and their 
cost at present is prohibitively high for large scale applications. 
It is very unlikely that they Will contribute to a tangible decrease 
in fossil fuel demand before the year 1990. 
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In Central Europe about half of the solar radiation is diffuse, 
which significantly reduces the amount of s '.Tar;, energy that 
can he converted to useful heat or to electricity^ However, 
the solar energy inputs can he improved hy proper orientation 
and inclination of the collector surface (i.o. South, 40°). 

This is a requisite for reaching the overall system efficiencies 
quoted in Table 1 . 

In the favourable desert regions with an annual solar energy 
input of over 2,300 kWh (thermal) per square meter, direct 
sunshine may exceed 3,000 hours per year, while a typical Central 
European value is near or below 1 ,500 hours per' year, with a total 
solar radiation closer to 1,100 kWh (thermal) per square meter 
per year. The variations are as unpredictable as the weather, 
of course, and often relatively close locations have distinctly 
different potentials of the use of solar energy. Eor example, 
the elevation of a site and the quality of the air are among 
the contributing factors, which means that the polluted air in 
industrial areas significantly decreases the level of solar 
energy conversion potential. 

Solar- Thermal-Elec trie Concepts 

The practical solar energy conversion options are therefore 
dependent not only on the solar energy ..input levels, but also 
on the amount of direct sunshine. A large scale development of 
solar power plants in the favourable desert regions would permit 
generation of electricity in the terawatt range (1 TW = 1 billion 
kW) and the production of hydrogen or ammonia, making storage and 
transport of energy possible.- An evaluation of current solar- 
thermal-electric concepts (STEC) shows that a field of heliostats 
concentrating solar energy on a receiv’er placed on top of a 
high tower currently offers a potentially competitive option in 
the long term. A 100 MW (electric) base load power plant of this 
kind, operating with an energy storage system in a favourable 
region and a number of hours comparable to those of a conventional 
power plant of today (6,000 hours per year), would require approx- 
imately 1.6 square kilometers of heliostat area distributed on 
a site of 4.# square kilometers to minimize shadowing effects 
and provide space for maintenance operations. The 45,000 helio- 
stats (the ^number is dependent on the design concept) would be 
concentrating the solar energy onto the receiver on a tower up to 
20i meters high, generating steam for electricity production* 
Thermal energy storage in the working fluid of the system would 
provide for continuing operation when there is no sunshine. 
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The technology for building such power plants is in a phase 
of near term development. In fact, prototype versions are 
being planned and a few are even in construction. However, 
because of the large size of the plant for its relatively 
modest production capacity, and the high cost of thermal energy 
storage, such a plant w T ould be about three to five times as 
expensive today as a conventional fossil fuel or nuclear power 
plant. In the long run the rising costs of fossil fuels along 
with further innovations in solar technology are expected to 
bring STECs into a more competitive position — after all, they 
do not require fuel. 

In the event that the cost of photovoltaic arrays is reduced 
from the present US $17, COO per peak kW to less than $500, which 
may be the case in ten years, c onstruction of large scale direct 
solar energy conversion plants may become competitive. However, 
the energy storage requ irements would be more difficult to meet, 
because of the absence of working fluid that facilitates heat 
storage in STEC plants . 


Sclar Energy 

Typical Options Estimates 

of Attainable 

Typical 

Inpat 

and Outputs 

Systems 

Efficiencies 

Regions 

h(th)/m/" * year 


( thermal ) 

(electric ) 

00 and above 

Electric power 


1 i 

Desert 


generation and/or 

0.60 

1.2# 

regions of 


hydrogen production 



Worth Africa, 
Southwest 





USA, Austra- 
lia, etc 


Electric power 



Moderate I 


generation. 

0.40 

0.10 

regions of 

Of to 220f 

Industrial process 

*to 

to 

Worth and 

heat. 

Heating and cooling 

0.55 

0.18 

South 

America; 





Asia, Austra- 
lia, and 






primary j 

regions of 
Southern' 
Europe, etc. | 


Water and/or air 



Secondary | 


heating for resi- 

0.30 

0.08 

regions of 

)0f to tiff 

dential buildings 

to 

to 

Europe, Asia, 


and low grade 

f .40 

i.10 

Africa, Worth 


process heat. 



and S outh 1 

America, etc , 

:■ : 1 


TABLE 1 . Solar Energy Inputs and Possible Solar Options 



DETECTION AND IDENTIFICATION OF ERRORS 


R.P. 

Y = AX +£ 

E(fe) = o 5 

E(c-e t ) = o 2 v | 


Aggarwal , Professor, Elec.Engg. 
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J(X) = ( Y-AX )* V” 1 (Y - AX) 


From 


dJ 

dx 


0 we get 


X = (A^V 1 A)~ 1 A t V“ 1 Y 


(1) 

( 2 ) 

(5) 

(4) 


The basic questions to he asked about X is what does it 
really estimate? These same questions should be asked about 
Y, that is, the calculated values of the quantities that were 
measured . 

A 

Expectation and Variance of X 


From eqn. (4) and eqn, 


X = (aV" 1 A )~ 1 A t V" 1 (AX + ) 


where 


A 

X 


M 


M(AX +€r) = Z + m6 


(aV^a )” 1 aV -1 


(5) 

( 6 ) 


E(X) = E[ X + ME] = X + M-0 = X 


(7) 


A 


Thus the expected value of X is X itself which is precisely 
what we are tzying to estimate. This property of estimators is 


called unbiassedness* 


TM'i 


I 


2 


To get the covariance matrix of the state we have 

(Z 1 -x 1 ) (x-l-x-l) ... (Xj-X-l) (x k -x k ) 
(i k -2 k ) (x^xp ... (x k -x k ) (z^z^ 

From eqn. (6) 

/*■ 

x - x = m€ 

Then, E £(X-X) (X-X)*] = E £(M£) (M€)^j 

= B [M6e t M t J = MEjeej M (8) 

After substituting for M and E^€ ^}, we get 

E^(X-X) (X-X)^ = c^uV^A)" 1 (9) 

The variances of the unknown parameters are the diagonal 

elements of the matrix eqn. (9). Note that even though 

2 

the scaling constant cr does not affect the estimate of 
the unknown parameters, it does affect their variances 
and co -variances . 

Expectation and Variance of Y 

We can perform the same computation for Y. 

A A 

Y - Y = A(X-X) - € 

Taking the expected value we get 
A A 

E(Y-Y)= AB(X-X) - E<£) =0-0=0 


A A . 

E[ (X-X) (x-xrj = B 


( 10 ) 
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A 

Thus E(Y ) = Y 

The estimator for Y is also unbiassed. 

Similarly 

A a . r A a. 4. \ 

B[ ( Y-Y ) (Y-Y) ) = E'} [A(X-X)-€] (A(X-X) ] j 

which results after some algebraic manipulation in 

E[ (Y-Y)(Y-Y) t ] = E( (Y-AX) (Y-AX)*] = o 2 [ Y-A(A t V"' 1 A)“ 1 A t ] (11) 

2 

We again note that the parameter a acts as a proportionality 
constant scaling the variances of the unknown parameters. 

A. 

Expectation of J(X) 

A 

Let us look at the expected value of J(X) to try to 

2 

identify the role of the parameter cr . 

J(X) = (Y-AJOV* 1 (Y-AX) • (12) 

Y-AX = (AX+€) - A(A t V“ 1 A)” 1 A t V” 1 (AX+e) 

= 6 - A (A t V" 1 A)~ 1 A t Y“ 1 € 

= [I n - AUV^A) -1 aV” 1 ] e (13) 

It can be shown that in eqn. (13) the matrix is indempo- 
tent, i.e. P = P^. Thus performing the indicated product in 
eqn. (12) we get 

J(X) = E t ( V" 1 - V" 1 A(A t V“ 1 A)” 1 A t V~ 1 J • € 

= E t (Y “ 1 - V” 1 AM]£ 
where M has been defined in eqn. (6). 
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Letting B = V - " 1 - V -1 AM 

A- 4- 

J(X) = tBE 


n 0 n 

Z b xi 4 + 2 

i=l i£j 

i=l 

Taking the expected value of eqn. (14) and realizing that 
the e^’s are uncorrelated we get : 

E(J(X))= <* 2 Z' l >±± Y i± = * 2 trace (YB) 

Since YB = - AM 

A o 

E( J(X) ) .= a [n - trace (AM)] (15) 

Also trace (AM) = trace (Mil) 

Then eqn. (15) becomes 

E( J (X) ) = a 2 ' n - trace 1^ = cr 2 (n-k) (16) 

Thus an estimator can be constructed to estimate the value 

2 2 
of a . Calling this estimate S , we have 

S 2 = J(I) (17) 

A 

This gives us a way to find out if X is reasonable or not. 

We have already pointed out that a should be equal to 1, 
since the modelling of the measurement variances is assumed 
to be correct for normal measurement errors and accounted for 
in the matrix V. Thus if the value of J(X) exceeds n - k 



n 

2 

3=1 




e. e ■ 
i 3 


(14) 
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which, is equal to the number of degrees of freedom, we can 
expect measurement errors which are beyond the acceptable 
limit . 


Statistical Statements 

1* If an error term such as & is a sum of error from 

several sources, then no matter what the probability 
distribution of the separate errors may be, their sum 
will have a distribution that will tend more and more 
to the normal distribution. 

2. The sum of squares of unit normal, with zero mean and 

2 

unity variance N(0,1), random variables denoted by^j^ 
has a chi-square distribution with m degrees of freedom. 

3. The expected value of a chi-square random variable with 
m degrees of freedom is m, that is 

ec4> = ■" 

4. A random variable equal to a linear combination of 
normal random variables is in itself normally distributed. 

5. If Hi. and U"are independent random variables having the 
normal distribution N(0,1) and the chi-square distri- 
bution with m degrees of freedom respectively then the 
random variable 



has the student t distribution with m degrees of freedom. 
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The Normality Assumption 

Thus far, the distributional assumptions of the 
residuals have not been mentioned.. Regardless of the pro- 
babilistic structure of the model, we have shown that the 
least square estimator for the linear model estimates the 
quantities of interest without bias. Since we wish to do 
hypothesis testing (test the veracity of the estimated values 
for some probability level of confidence), an assumption on 
the probability structure of the residuals must be made at 
this time. From statement (1) it is justified to assume that 
the residuals have a normal probability density function, i.e. 

P(£^) = Normal probability density function' 

E( ) = Expected or mean value of the ith residual = 0. 

2 

a = Variance of the ith residual. 

Hypothesis Testing 

Having assumed that the residuals are from a normal 
distribution N(0,u" V), the probability structure of the 
estimated parameters is fixed by their relationship to these 

■ x 

residuals. Based on these probability distribution, it is 
possible to perform an important type of statistical test 
called ’hypothesis testing’ , to determine the quality of 
results . 
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Probability tests are made to test the validity of a 
hypothesis H Q , called the 'null hypothesis' against H 1 called 
the 'alternative hypothesis'. In particular, tests will be 
made to determine if at a given level of confidence, H Q is 
rejected when it was in fact true. This is called a type 1 
error. 

A 

Tests on J(X) 


e 

The assumption has been made that residuals, ' are 

A 

normally distributed random variables H(0,a 2 7). The trans- 
formation 


g - 0 

afV 

produces a unit normal variable. By statement (2) 


-j E t V 1 S = 
a a 


is then chi-square. JBy statement ( 3 ) 

Bciif 1 ] - 


m 


(18) 


(19) 


( 20 ) 


wjiere m is the degrees of freedom of chi-square. However 
from eqn. (16) 

A 


m 


~ J(Z) = n-k 


( 21 ) 

a" 

2 2 

An estimate of a is S as given in eqn. (17). Multiplying 

both sides of ( 17 ) by we g e t 

2 ^ 

(n-k ) SZ _ J(X) 

2 “ ~ 2 ~ 
a a 


( 22 ) 
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which ‘has been shown to he a chi-square function with 
n - k degrees of freedom. A test can now he made on 


: a 2 y 1 

q2 a 2 

by testing (n-k) j— or J(X) against Y n-k. 

If j UKXn-k (23) 


for a given probability h, then it can he said that probability 

of a type-1 error is b. In other words , (1-b) percentage of 

2 


times, a correct conclusion of a 
(23) holds. 

Tests on T 


1 will be made if eqn. 


It is obvious from eqn. (l) and statement (4), that Y 


A 2 

is normally distributed, N(T,cr ). The transformation 

A y 
Y - Y 

a 

defines a unit normal variable. 


(24) 


The quantity cr is unknown. As estimate of 0 is 

Y * 4‘t v 

obtained from the diagonal elements of the matrix of eqn. (11). 

,2 


Let V = S 

y 


11 


(25) 


where |3^ is a diagonal element of V-A(A^V ^A) and 

is the estimate of a from eqn. (17). 

B[V 1 = B[S 2 p it l = <? 


( 26 ) 
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and E[V ] = E( = n - k (27) 

cry 7 J 

Show that is X^-k ( 28 ) 

y x 

Using the unit random variable defined in eqn. (24) and the 
chi-square defined in eqn. (28), the following Student t 
distribution is formed according to Statement 5 . 

A 

v — v 





= t 


n-k 


(29) 


The statistical test 


H q : Y = Y c 

H, ; Y = Y 
1 o 


Gan be performed by testing 


Y o - Y 

SlfPu 



for a probability b of a type -1 error. 


(30) 


Summary of Tests to be Performed 
A 

After a solution X from eqn. (4) has been obtained, the 
statistical test for J(X) described in eqn. (23) is performed 
to detect presence of bad data. The results of the state 
estimate are accepted unless this test fails, in which case 
the test on Y described by eqn. (30) is performed to identify 


bad data point. In practice, the measurement that fails by 
the greatest margin is taken as the one in error and removed. 
The estimation algorithm is repeated, followed by another 
detection test* If bad data is again detected, the Y test 
is again repeated to identify a measurement in error. 

The detection test has a further application in 

A 

evaluating the validity of results in time. If a J(X) function 

is computed based on new measurements Y and a previous state 
A 

estimate X, then a detection test will assess the current 
A 

validity of X in view of the current Y. . If eqn. ( 23 ) holds, 
there is no need to perform an estimation calculation, as the 
previous results are still valid. However, if the test fails, 
the correct conslusion is that an estimation calculation 
should be carried out and not that there is bad data present. 

Reference : 

J.E. Dopazo, O.A. Klitin and A.M. Sasson, 'State Estimation 
for Power System ; Detection and Identification of Gross 
Measurement Errors', Proceedings of the IEEE PICA Conference, 
June, 1975. 
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In order to apply Newtoi -Raphson methoc. to load flow- 
studies consider a power system of n buses. We write real 
power mis match equations for all PQ and PY buses and reactive 
power mismatch equations for all PQ buses, similar to eqn. (5A) 
of the appendix. We shall illustrate the procedure by an 
example. Consider the sample system shown in Pig. 1. 



The data for the system is as follows j 


Bus 

Numb er 

Type 

Y in pu 

0 in rad.. 

P in pu 

Q in pu 

1 

SLACK 

o 

• 

H 

0 

— 

- 

2 

GEN 

1.1 

- 

5.3217 

- 

3 

LOAD 

1.1 

- 

-3.6392 

-0.5339 


The line data is as follows : 

£ 2L &pq in pu 

1 ‘2 -3 10.0 

2 3 -3 5.0 

-3 5.0 


1 


3 


3 


The bus admittance matrix (r singular matrix, since there 
are no shunt elements) is given by 

-315 no 35 

m = C G 1 + [3B] = 3 10 -315 35 

35 35 -jlO 



and [ G-] = Full matrix 

The three equations corresponding to real power mismatch 
for generator bus and real and reactive power mismatch for 
load bus are given by 
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Kno?ring values of V 1 , Y g and ^ (=0), it can be verified 
from eqns. (1A) and ( 2A) 

P 2 = 11 sin e 2 + 5.5Y^ sin (9 2 - 0^) 

= 5 Y^ s in 9^ + 5.5Y^ sin (9^ - 9 2 ) 

Qj =-5Y 5 cos 9^ - 5.5V 3 cos (9 ? - 9 2 ) + lOV^ 

The elements of the Jacobian are 


H,, =^-g- = 11 003 e 2 + 5.5Y^ cos(9 2 - 9^) 


= 


= -5.5 Y^ cos (9 2 - 9^ ) 


H 32 “^©2 5,5 V 5 008 ^° 2 ” 0 3 ^ 


23 "^e 3 


H 33 = 5V 5 C0S 6 3 + 5 * 5V 3 cos ^ 9 3 “ ° 2 ^ 


5.5V 5 sin (9 2 - 9 3 ) = Y^ 


= Y 


33 3^Y, 


111 = 


5Y_ sin 9_ + 5.5 Y_ sin(9, - 9„) 
;5 J> 9 3 £ 


J 32 - ^© 2 ^*^3 sin ( e 2 “ ® 3 ^ 


<7 

J 33 = 5V 3 sjLn ®3 + 5 * 5 V 3 sin(9 3 “ e 2 ) 




1 33 = -5Y 3 cos 9^ - 5.5 Y ? cos(9 3 - 9 2 ) + 20YJ = -y| 
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Step 1 „ Assume flat start, i.e. Y^ = 1.0, © 2 = ©^ =0 
Prom equation (7) we can calculate P 2 r P3 and 0^ and then 
power mismatch from eqns. (3A) and (7A). The power mismatch 
vector is 


."•***- 


— ' — 

A P 2 


5.3217 

A P 3 

— 

-3.6392 

A Q, 

3 


-0.0339 



L — 


The Jacobian is 

16.5 

-5.5 

0 


-5.5 0 

10.5 0. 

0 0 


Note that typical of flat start, I? and J terms in the 
Jacobian are zero (or very small). After triangularising 
the Jacobian, we can solve the voltage and angle corrections. 
The answer is 


Av_ 

2. _ 

Y 

3 

-0.00357 

or 

V, = 0.996 

3 

A © 3 = 

-0.2152 

or 

©_ = -0.2152 
3 

A e 2 = 

0.25 

or 

© 2 = 0.25 


With new values of V3 , ©3 and ©2 
and reiterate until error becomes 


we proceed as in step 
below acceptable level 


1 
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In our case we need a "octal of A iterations* 
The final result is as follows : 

Y_ = 0.9» ©_ = -0.2618 radian = -15 degrees 
5 5 

9 £ = 0.2618 radian = 15 degrees 


Power flow on various lines etc. is shown in Pig. 2. 
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Pig. 2 Load flow solution of system shown 

in Pig. 1 

Past Decoupled Load Plow 


i 


W 


Os> 




00 

2 1 I s 


V\> 


The first step in applying the decoupling principle 
is to neglect the coupling submatrices IT and J in eqn. (6) f 
giving two separate equations j 


[AP] = [HI [ 9] 

[ AQ] = [i-l [AV/V] 


(8) 

(9) 


Prom eqns. (1A)* (2A) and (6A) it can be shown that 

H km = ^ = W G km sln V ~ B ta OOS ®km ) for m * k (10) 
= - B kk V l - ^ 3113 ' I tt = -®kk V l * Q k Ul) 
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Equations (10) and (11) may be solved alternatively as 
a decoupled Newton method, re-evaluating and re-tri angular !■ 
zing [H] and [ L] at each iteration. But further simplifi- 
cations can be made. In practical power systems the 
following assumptions are valid. 


OOS ^ 1 

B kk 


a lan sin ®km <C 


4 


Then good approximations to eqna. . (8) and (9) are 

[AP] = [V*B T *V] (12) 

[AQ] = [ V *B’ ’ *V] [AV/V] (13) 


where B f and B* 1 are strictly elements of [-B] in eqn. (9). 
Further simplification is made by taking left hand terms on 
the right hand side of the above equations to the left hand 
side and then in (12) removing the influence of MVAR flows 
on the calculations of [A 6] by setting all the right hand 
V terms to 1.0 p.u. 

Other modifications (which are not applicable in 
our case) are : 

(a) Omitting from [B’J the representation of those network 
elements that predominantly affect MVAR flows, i.e. shunt 
reactances and off-nominal in-phase transformer taps. 
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(b) Omit ;ing from [B''] the angle shifting affects of the 
phase shifters. 


With the above modifications, the final fast decoupled 
load flow equations become 


ciri = m C A9 1 

= b" 


( 14 ) 

( 15 ) 


Both [B 1 ] and [B 1 ’] are real, sparse and contain only- 
network admittances. They are constant and need to be 
triangularized only once at the beginning. The recommended 
iteration scheme is to solve eqn. (14) and (15) alternati- 
vely. Each iteration cycle consists of one solution for 
j2s 9] to update 0 and then one solution for [4V] to update 
V, termed as [19. IV] scheme. 

Eor the numerical example already discussed 




C B’l 


and [ B » » ] 


-5 10 


Then 




— . j 



A E 2 /V 3 


15 . -5 



A Pj/Vj 


l 

i 

VJl 

H 

O 


a 9 5 - 


= 10 



( 16 ) 
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As befor assume a flat stai t, i.e., 


« 2 = 0 , 0 5 = 0, V = 1.0 


A ? 2 = 5.5217 and A = -5.6392 

Then 

— tT- = 4.838 and ~tP~ — -3»6392 
V 2 V 3 

Solving forA© 2 and A 0^ in eqn. (16) we get 

A © = -0.2432 and Aq. = 0.2414 

5 ^ 

and = -0.2432 and ©2 = 0.2414 


The correction for 7^ is obtained from the decoupled equation* 
10 = 

Using the latest values of © 2 an< ^ ia € 9 rL * (7 )» we can get 

Q_ then mismatch ACL. 

3 5 

AO 

A Q = -0*29 or y = -0.29 

5 V 3 

Therefore, 

= -0.029, and = 0.971 

This completes (1©, 17) iteration 

We reiterate until convergence is obtained. 

The final result is the same as obtained by regular Newton- 
Raphson method. 
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Very Appro: iaate DO Load Flow 


Here all unknown voltage magnitudes are taken equal to 

1.0 and only real power flow is considered. Line resistances 

as well as shunt elements are neglected. Thus the only- 

unknowns are bus voltage angles where the angle for slack bus 

is. taken as zero. The real power flow P. . on a line 

' 10 

connected between buses i and j and having reactance Z. . 

i «J 

(taken as a positive real number) is given by 


0 . - 9. 


p . = _± 

13 hi 


J = (e. - eo (B, J 


10 


where 9^ and 9- are voltage angles at buses i and j 

-L «J 

respectively. 

We can write the linear algebraic equation 


[P] = [B] (pi 


where 

[P] = Vector of specified bus powers (slack bus not included) 
[B] = Real sparse matrix where diagonal entries such as 

B ii is ^ iie Sum a11 line B ("taken as positive number) 
connected to bus i and B ij is the negative of line 
B between buses i and j. 

9 = Vector of unknown voltage angles where slack bus angle 


is taken as zero 
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For our example 


— __ 


— * 




5.3217 


15 

-5 


®2 

- 3.6392 


-5 

10 


S 

- — ■ ^ 


_ 

... 


— — ' 


Thus we can solve for [9] in one triangularizaticn and hack 
substitution. The result is 

9^ = -0.2240 rad = -12.83 degrees 

©2 = 0.280 rad = 16.04 degrees 

The accuracy of the above method is remarkably good where the 
system is heavily loaded, transmission lines are short with 
large number of inter-connections. 

REFERENCES 

1. W.F. Tinney and O.E. Hart, ’Power Flow Solution by 
Nation’s Method’, IEEE Trans, PAS, pp 1449-1456, 

Nov. 1967. 

2. W.F. Tinney and J.W. Walker, 'Direct Solutions of 
Sparse Network Equations by Optimally Ordered 1 
Triangular Factorization', Proc. IEEE, pp 1801-1809, 

Nov. 1967. 

3. N.W. Peterson, W.F. Tinney and D.W. Bree, Jr., 

'Iterative Linear AC Power Flow Solution for Fast 
Approximate Outage Studies', IEEE Trans. PAS-91, 
pp. 2048-2056, Sept. /Oct. 1972. 


4 . ' B. Stott and 0. Alsac, 'Fast Decoupled load Flow, 
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APPT'VDIX 


0^., V^ = Voltage angle, magnitude at bus k 


0i — 0-* — 0 

km k m 


^km + o) B km m )‘ fcl1 element of the bus admittance matrix 

[G] + j[B] 


The complex power P^, + jQ k injected at bus k ik given by 

f ^ \ 

+ ^ Sc = ^k Sc 


x t = 21 y. v Le 

k mek ta m m 


^ (S ta + jB^) (7 oos 9 m + j7 m sin e m ) 


P k + 3°k = < 7 k 003 ®k + Sin ®k ) A (®km + JSkm* 

mek 

GOS e m + sin 3) 


Q k = V k \ 7 m < G km sin V ~ B km 
mek 


Bu cos 0, ) 


P k ~ V k V m ^km cos ®km + B km sin e km^ 
mek 


(1A) 


(2A) 


+ A qj. is the complex power mismatch at bus k and 
is given by 


APk = Pk - Pk 


(3A) 


AQk = <r° - Q, 


(4A) 


SO so 

Where P^ and are scheduled real and reactive power 
injections at bus k. 
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Tfc-'- Fewton-Haphson algorithm 
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ANALYTICAL FORMULATION FOR POWER 
SYSTEM STATE ESTIMATION 

Dr* R.P. Aggarwal, Professor, Electrical Engg. , IIT Kanpur. 

The weighted least squares method is usually used for , 

power system state estimation. Pirst its general formulation 
a.nd then a specific case where only line flows are used as 
a set of measurements will he explained. 

Let the input measurement set (including any pseudo- 
measurements) be the vector Y having n components, A few 
words should be said here regarding pseudomeasurements. The 
number of measurements to an estimator can be increased by 
this technique. The simplest and most valuable example is 
the knowledge that at certain junction buses in the network, 
there is no load or generation. This is equivalent to 
having perfectly accurate real power and reactive power 
injection measurements at the given bus. Other pseudo- 
measurements which are less accurate but still could be 
useful are short term load predicted value (perhaps based on 
the previous few state estimates) or simply human estimates 
based on the power system knowledge. 

Let the state estimate vector be X having k components. 
Based on a given set X, we have the sum of the residual 
squarred as 

joo = r CP± - kt «] 2 

i=l 

Y ± = h ± (X) + e 


where 
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If the measurements were given a weight, we can express 
e qn. ( 1 ) a"s 

J(X) = [Y-h(X)] t W[ Y-h(x)] (2) . 

where. W is the weighting matrix having only^terns . 

We wish to find X that minimizes eqn. (2). Thus we have 

T 

S"x = 0 ^ 

- 2H t (X) W(Y-h(X) ) = 0 (4) 

where H(X) is the Jacobian matrix such that 

H . • ="g~r f 1 or i = 1 n, 3 = 1 .... k 

If we can solve eqn. ( 4 ) » we have the required state 
estimate X« However eqn. (4) is non-linear and thus an 
iterative method is required. One approach is simply to 
apply Newton’s method directly, but this brings unwanted 
analytical complications in differentiating the terms of H(X) 
multiplied with h(X). Instead, we replace the non-linear 
function h(X) by its linear approximation about some initial 
point X°. 

h ( X ) CH h(X°) + H(X°) (X-X°) (5) 

Then eqn. (4) becomes 

-2H^ ( X° ) W[Y - h(X°) - H(X°) (X-X°)-| = 0 
or 

H^X 0 ) WH(X°) (X-X°) = H^X 0 ) W(Y-h(X° ) ) 


( 6 ) 
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This is a matrix eqn. -of the form 

Q. OZ = b (7) 

where A X = I - X° 

& = H^W H 

b = H* W(Y - h ( X° ) ) 

It is therefore possible to solve eqn. (7) for AX and henoe 
update X. We can iterate the solution of eqn. (9) using 
the most recently calculated value of X and X°. As the 
process converges, the successive corrections X should tend 
to zero, and likewise the vector b should tend to zero. The 
iterations can be terminated when j b j becomes sufficiently 
small. 

The matrix G- is symmetrical and highly sparse. Advantage 
can be taken of both of these facts while solving eqn. (7). 
Further instead of t r i angular i z ing (or finding 1 V factors) 

G at the end of each iterations, G may be taken as a constant 
based on the first estimate X°. ; It may take a few more 
iteration®: to get the answer, but the overall speed of compu- 
tat ion will be much faster. 

ABP Algorithm Based on Line Flows 

Real and reactive power line flow is recorded for both 
ends of the line 

S m - E m + K 

is the measurement vector. 


( 8 ) 


Let 3 - Measurement index 
• th. 


S 


m3 


S 


02 


3 ~~ measured value 

calculated value, which, is a function of the bus 
voltages state vector' 3. 


W. = Weighting factor for jth measurement 
3 

n = Total number of measurements 
k = Number of elements of E 
* = indicates conjugate 
S m = S 0 (B) + B 


(9) 


We have to minimize 


J(B) = W, 


S . - S . 
m 3 c3 


= (S m - S 0 )>W(S m - S e ) 


From diagram 


( 10 ) 


S mj - ( zf >* E p + ^pV* B P 

V . = Voltage across element 3 (which is not actually 
measured) 

Fj 


(11) 


Similarly 




V, 


a E 4. (v. E E 

b cj { Z. > *p + P P 

J 


s m 3 - S oj 


B 

(V . - V . )* 
v m3 03 Z. 


2 j 


^ 5 } 


Fz I-& ^ 


Substituting in eqn; (9) 
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J(3) = (V - V ) c D(V - V ) 
^ v m c 7 v m c 7 


* 


where D = diagonal matrix with elements 

<X ) 2 

W. — t- and is taken as a constant 
J Zv 


since E does not change much. 

ir 


( 12 ) 


Since V Q = AE 

Where A is the bus incidence matrix 
We can write eqn. (12) as 

J(E) = (V m - AE)* D(V m - AE)* (13) 

P . - 

where v n . , _i_ 1 Z 3 - B p y 3p Z 3 C14) 

P 

Equation (13) is in the standard form which we have already 
discussed. V can be thought of as the measurement vector 
even though S m is measured. 

The solution for E is 

* 

E = (A* DA)"" 1 A* D V m (15) 

The iterative scheme is as follows j 

Assume vector B and compute Vector from eqns. similar 
to eqn. (14). Then compute E from eqn. (15) and return to eqn. 
( 14 ). Re-iterate until convergence is obtained. It may be 
pointed out that one bus voltage both in magnitude and angle 
is assumed to be known. 
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POWER SYSTEM STATE ESTIMATION 
RoP. Aggarwal 

It is obvious that it would be desirable to provide 
reliable, real time information about the state of the 
power system in any modern energy control and dispatching 
center. The creation of real time data base helps in 
the following ways : 

(a) Better operation of the power system within 
specified constraints 

(b) Economic dispatch of power plants 

(c) Automatic frequency control 

(d) Maintaining flows on the specified tie lines 
at scheduled values 

(e) The acquisition of data for regulatory reporting, 
intercompany billing, system operator records and 
critical information for company management 

(f) Contingency analysis and system security studies 

When tolemetered measurements from the power system 
network are received and displayed in an energy control 
and dispatch centre, every one of them is inaccurate. 

The errors range from the small values associated with meter 
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and telemetry channel normal accuracy tolerances (which 
are, by design, acceptable) to very large values due to 
definite equipment malfunction including transient noise. 
State estimation is an error filtering process carried out 
on the set of incoming signals, using an on-line digital 
computer and performed at frequent intervals of time (usually 
every 10 to 30 minutes). The main purpose of the state 
estimation as already mentioned is to create a real time 
data base which is reliable. It achieves this through the 
following. 

(a) To detect gross errors in the metered signals, and 
hence identify bad measurements and faulty equipment. 

(b) To mathematically average out the (unknown) errors 
in the complete set of signals (having ignored ones 
with gross errors) and hence maximize the validity 
of the set as a whole. 

The above enables to obtain a reliable estimate of 
all network quantities, whether actually measured or not, 
to be available for display and control purposes. 

Schematic and General jDes crintion 

The figure below shows the schematic of a typical real- 
time facility for state it e stimation. 
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The incoming signals are scanned every second or 
two and subjected to consistency tests and/or averaging 
to help to eliminate transient effects. Circuit status 
signal changes initiate the network configuration function 
which determines exactly how the network is inter- 


connected. Using network parameter data stored in the 
system data base, it is now possible to produce a model 
of the transmission network. The measurements themselves 
are checked against pre-speoified limits and are rejected 
if they fail the test. It may be possible to use other 
logical tests to detect obvious erroneous data. However, 
any such tests will be system dependent. 
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The mathematical state estimation algorithm is 
then triggered automatically at intervals of time typically 
10 to 30 minutes, or when a configuration change is 
detected or an operator demand. The data fed to it 
consists of a network model and a set of measurements 
which hopefully have heen purged of gross errors, hut which 
may still contain large errors below the threshold of the 
plausibility checking etc. The algorithm aims to provide a 
reliable estimate of the system state. 

Redundancy and Error Filtering 

The power system state is completely known if voltage 
magnitude and angle at each network bus can be calculated. 

Thus these quantities are the state variables of the system, 
For a system with K buses, the number of state variables 
is 2K, brt because one bus e igle has to be arbitrarily 
designated as system reference, only 2K-1 of them are unknown. 
So a state estimator has to calculate 2K-1 state variables 
from a set of say m measurements. To be able to perform this 
calculation, m needs to be at least as big as 2K-1. The 
limiting case m = 2K-1 in fact represents the standard load 
flow. For any number m greater than 2K~1, therefore, 
there is more than enough information available, that is. 
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there is redundancy. Redundancy allows scope for mathema- 
tically 'Averaging out' the measurement information in such 
a way that the errors contained in the individual input 
signals are more evenly distributed in the solution for 
the state variables. 


Suppose we have a power system with K buses and b 
branches. The measurements which we can make (phase angle 
measurement is considered too expensive to be practical) are 

Physical Quantity Max. Number of 

Measurements 


Active and reactive power flow at 

one or both ends of a transmission line 4b 

Amplitude of the line current at one or 

both ends of a transmission line 2b 

Amplitude of the complex bus voltage E 

Active and reactive power injections at buses 2K 

Magnitude of currents injected at buses K 

MV A flows at one or both ends of a transmission 2b 
line 

MVA injected at buses K 


Maximum number of measurements 


8b + 5K 


The redundancy is defined as the ratio of number of 
measurements to number of state variables and its 


maximum value is 


8b + 5E 
2E - 1 * 
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Practical applications show that if redundancy 
lies in the range 1.4 to 2.5, we can get reliable estimates. 
However, as one might guess, the success of the state 
estimation is also intimately associated with the types and 
locations of measurements available. A good mix of measure- 
ment types is desirable with good discrimination between 
active power and reactive power/ voltage conditions. The 
meter locations must be well distributed taking into account 
observability (the ability of the estimation to 'see' the 
whole system operating state with the measurements provided), 
especially when several signals are missing due to telemetry 
outages or rejection of suspected bad data. 

State Estimation for Linear Model 

Oonsider the linear model of the form 

I = AX + s (1) 

where 

Y = (mxl) vector of observations with different mean values, 
linear in the unknown parameters, with unequal variances 
all of which are uncorrelated in pairs. 

A = (mxk) vector of known coefficients 
X — (kxl) vector of unknown parameters 
e = (nxl) vector of error random variables 
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The first and second order central moments of the random 
variable e are specified to be of the form (The letter E 
stands for the 'expected value') 

E(e) = 0 

E (££'*) = o 2 Y (2) 

V = Diagonal matrix of the model's measurement variances. 

The diagonal property specifies, that the measurements 

2 

are uncorrelated in pairs. The scaler a is a scaling 

constant. Its value should be 1 since the modelling 

of the measurement variances is assumed to be correct 

for normal measurement errors and accounted for in the 

2 

matrix V. However, the introduction of a provides the 
basis for the detection and identification of erross. 

Least Squares Estimation 


The sum of the squares to be minimized is given by the 
expression 

J(X) = (Y-AX)* W(Y-AX) (3) 


where W = V -1 and is called the 'Weight Matrix'. It is 
to be noted that measurements which have a smaller variance 


are more accurate and thus have larger 'weight'. 
When we set = 0, we get 
A^Y-AX) = 0 


( 4 ) 
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From eqn. ( 4 ) * the best estinate of the unknown parameters 

A 

X is designated by Z and given by the following expression 


X = (A^WA)*" 1 (5) 


Let us illustrate the above with a simple example. Gonsider 



We have two unknown voltages 3-^ and Eg (with respect 
to reference bus). Note that if the measurements were 
correct, we only need two measurements. Thus redundancy = 



We will identify the measurement vector Y in eqn (1) 
whose components are voltages across the four elements 
rather than current measurements. If we designate this 
Vector by V m , it is given by 
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7 

5*5 

4*5 
13 

There is obviously an error in If the correct element 

voltage vector was called V q and the bus voltage vector 
as E (having components E-^ and E^) then the two are 
related by 

V c = AE (7) 

where A is the bus incidence matrix given by 


V 

( 6 ) 




Note that what we have is 

V m = AE + e (9) 

where e is -fcixe error vector 


If we take tAie weighting matrix W as unity, then the 
estimate E from eqn. (5) is given by 




( 10 ) 
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In our case 


U^A) 





Finally 



1 1 
2 2 



7~ 

5.5 

4.5 
13 
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Then = 12.5 and. E 2 = 5.2 from algorithm while the actual 
values are = 12.5 and E 2 = 5.0 

Detection and Identification 

We need to apply eqns. ( 23 ) and ( 30 ) of the lecture on 
detection and identification 


In our case X = E and V = T 

4 s 4. 

J(B) = [T m - AS ] X V - 1 [V n - AS] 
Here V -1 = I 

J(B) = (V m - JUS]* [V n - AS] 


1 -1 


w* ■ ^ 


” 7 . 2 " 

0 ; 1 


12.5 


5.2 

0 1 


5.2 


5.2 

_ 1 0 i 




[12. 5 _ 


V - V 
n c 


0,3 i 


0,3 | 


J(E) = (0,2; + (0.3) + (-0.7)* = 0,04 + 0.09 + 0.49 


(0.5)' 


+0.25 = 0.87 


Observe that in our case J(E)<( n-k(=2), which indicates 
good data as seen after eqn. (17) of the lecture on identifi- 
cation. As far as the chi-square test is concerned, for 
2-degrees of freedom. 

"V? (>5.99 has a probability of 0.05 or )C 5.99 has a 
f A, 

probability of 0.95. Thus as long as J(X) is less than 5.99, 

we have a 95 percent confidence limit. We need not carry out 

the test any further since J(X) has passed the requisite test. 

Detection of Bad Data - 


Assume measurement 1^ is missing and we record an 
erroneous value of zero. 
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then 



7 - 8.7 _ 5 

W - 2 



(1.3) 

| d.i) 



Jj. ~ ^4 = 1 ^ ~ 1X ^ = | ( 1 . 3 ) 

VP44 ^ 2 / 5 

the 1 arrest residual corresponds to (the 

In this case the iar to et>u x 

TTQ DTnpct the largest 
■ + \ t r\ general we exp e e * 

missing measurement). la 

+h nos ^ -erroneous measurement, 
residual corresponding to the most 

however, this may not be true in a large system. 

Now t ) t [q\ = 2-92 

i-is treater than 2.92, we reject 
Since the largest residual xs B reater 



DESCRIPTION OP A REAL-TIME COMPUTER 


IBM's answer to the demand for real-time data acquisition, 
analysis, and control is the IBM 1800 Data Acquisition and 
control system. The 1800 system is designed to handle a wide 
variety of real-time applications, process control, and high- 
speed data acquisation. ' Each system is individually tailored 
with modular building blocks that are easily integrated to 
meet specific system requirements. 

The 1800 system provides a large variety of features and 
devices as follows - 

- A family of real- time process input/output 
devices such as analog input, analog output, 
digital input, and digital output, 

- A variety of data processing 1/0 devices such 
as magnetic tape, disk storage, graph plotter, 
card 1/0 and paper tape 1/0. 

- Several other features and adapters which in- 
clude system /360 adapter, communications '< 

adapters, selector channel etc. 

APPLICATIONS 

The 1800 is capable of accepting electrical signals, both 
analog and digital, from such devices as thermocouples, pressure 
and temperature transducers, flow met&rs, analytical instruments, 


and contacts. It provides electrical on/off and analog control 
signals for the customer's controlling devices. With these capa- 
bilities and remote communication facilities, the' 1800 system can 
be integrated into large multiprocessor systems with varied real- 
time applications. Typical applications exist in the area of 
process control, high speed data acquisition, and data collection 
or plant communications. 

1800 SYSTEM UNITS 

The processor-controller, nefflfery ire fixed- word-length, binary 
computers. It has a core-storage of 16,384 words vnth core-storage 
cycle times of 2 or 4 microseconds. One of the 18 bits in a core 
storage word is used for storage protection and one bit is used for 
parity checking. The remaining 16 bits in each core storage word 
are data-bits. 

The instruction set includes arithmetic instructions that 
manipulate both 16-bit and 32-bit words (16 data bits are handled 
in parallel). Other processor-controller features include a multi- 
level interrupt system, three high-resolution timers, storage pro- 
tection, operations monitor and an operator's console. 

DATA REPRESENTATION 

The standard or single precision data word is 16 bits in length 
Positive numbers are always in true binary form, whereas negative 
numbers are in 2's complement form. The sign bit (position 0) is 
always 0 for positive numbers and 1 for negative numbers. 
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ARI r . : IMETIC 

The arithmetic operations of P-0 include add, subtract, multiply, 
and divide. Addition and subtraction can be done in single or double 
precision. Multipli cation operation operates on tv/o single precision 
words to provide a double precision product. Division allows the 
dividend to be double length and uses a single precision divisor to 
provide a single precision quotient and a single precision remainder. 

INDEX REGISTERS 

Three index registers are standard features. The contents of 
an indexregister or the instruction register are usually used to 
perform address arithmetic. 

INTERRUPT 

The interrupt facility provides an automatic branch in the normal 
programming sequence based upon external conditions (those in the 
process) or internal conditions (those within the 1800). | 

Exanples of such conditions are: 

.. ■ ; ■ ; , . . ; ■ . . . . " ^ ' ; ' ] 

- The detection of an external process condition that \ 

■ ■ ■ ■-.■■■■ ■ v ‘; 

; . ' . . ■ ■ ■ ■ ■ '■ ' .. ■ . ' . ' 7 . ' . .. ' : 

requires inaediate attention, | 

; /■ v ■■ : ■ /v . . ; ; : / aj 

- A P-C Interval tine has concluded the recording of a j 

' ' . .. I 

present time interval. ! 

- A magnetic tape device has completed a data transfer j 

previously requested and is ready for another request. 

- An operator has initiated an interrupt from the P-C 
console. 


'These devices and cond: tions ore assigned priority levels by 
the user* An interrupt request is not honoured while the level of 
the request itself or any higher level is being serviced or if the 
level requested is masked. 

INSTRUCTION FORMATS 

Two basic instruction formats are used 


0 4 8 15 


OF 

3? 

T 

DISP. 


1 


One-word instruction format 


0 

* 


8 

9 

10 15 15 

OP 

1 F 

T 

IA 

B 

Cond 

ADDR 


Two-word instruction format. 

OP- These five bits define which operation is to be pef formed by the P-C . 

P- This format bit controls the instruction format. A "zero” indicates 

single word instructic and a "one " indicates a two-word instruction. 

T- These two index bits specify the base register used in address modi- 
fication or the location of the shift count. 

DISP- Address bits relative to the location counter used for one word 
instruction. 

LA- If l 0 f addressing vail be direct ; ? 1 ^addressing will be indirect. 

B- This bit is used to specify that the branch or skip on condition 
instruction is to be interpreted as a f? Branch out" when used in an 
interrupt routine * 









10. D PLOW FOR REAL TIM 1 COMPUTER APPLICATIONS 

by 

R.P. Aggar-wal 

As regards power network calculations performed by- 
digital computer, probably the most widely used are the load- 
flow calculations. They are used in' system planning, design, 
operational planning, operational control and other related 
applications . 

To use load -flow calculations in real time system 
operation and control implies up-to-date information about the 
power system state is available. Hence a modern real-time data 
aquisition and processing facility in the energy control 
center is needed. The load flow provides the operator with 
a true picture of the steady state flows and voltages at any 
given time. The incoming telemetered measurements can, when 
sufficient, be fed into a load flow program whose solution 
gives the desired results. However, due to uncertainty of 
measurements (missing or erroneous data), it is done through 
a state estimator. * 

Once the present system state is available, steady state 
security monitoring is performed to anticipate any possible 
difficulty due to outages. An outage-assessment study has to be 



2 


run using the output of the state estimatoi as the base case, 
which means solving many load flow problems one after another. 
Since hundreds of load flows may have to be run, perhaps as 
frequently as every 15 minutes, speed of solution is a 
technical requirement besides economics. 

The first problem is to get the base load flow solution 

for a given network configuration. Sometimes a very approximate 

d.c. load flow model is adequate for the purpose. This will 

be discussed in the paper later on. However, it is now possible 

to obtain a full a.c. load flow solution, though not necessarily 

converged to high accuracy and representing all the control 

devices. The solution technique is based on 'decoupled load 

flow' and is the main theme of the paper. Once the base load 

flow Solution is available, line or transformer outage studies 

have to be carried out for ecurity evaluation. Methods based 

2 7 

on superposition * have been popular in the past. In these 
methods, one can precalculate for a given network configuration, 
line or transformer outage distribution factors for single 
or multiple contingencies. The methods are approximate and 
one of the main disadvantages is that they do not allow easily 
consideration of voltage controlled buses. In the basic method, 
we obtain a voltage change vector due to loss of line or 
transformer. However, this will not be actual voltage magnitude 
change experienced by the system. This is obvious when we 
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consider the neighbourhood of voltage controlled buses where 
voltage magnitude changes are compensated for by regulation. 
Decoupled load flow method allows reasonably accurate solution 
to be obtained for such contingencies. However, in this paper 
we will concentrate on the base ca.se load flow solution. 

Most off-line load flow programs use Newton-Raphson 

rz A 

method^ in conjunction with sparsity programming * The method 
has quadratic convergence and for vast majority of practical 
load flow problems, it is very reliable and extremely fast 
in convergence. However, the method does. not have the speed 
needed for real time applications. For this purpose, the more 

recent development is the decoupled methods which are listed 

c: i 

in literature . Various stages of development and contributions 

6 \ -o 

have led to the fast decoupled method , which will be explained 
by considering a small sys". em as an example. First the problem 
is formulated and solved by the conventional load flow and then 

by fast decoupled load flow. The sample system is as shown in 

' v ' f 

Fig. 1 . f 
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The 

data for the 

system is cs 

follows 

• 

• 


Bus 

Number Type 

Voltage 
Magnitude 
V(p.u. ) 

Voltage 

angle 

0 ( rad ) 

P 

(p.u.) 

Q 

(p.u. ) 


1 SWING 

1.0 

0 

- 

- 


2 GEN 

1.1 

- 

-5.3217 

- 


3 LOAD 

- 

- 

-5.6392 

-0.5339 

The 

line data is 

as follows : 





P 

1 


7 pq (p.u.) 



1 

2 


-310.0 



2 

3 


-3 5.0 



1 

3 


-3 5.0 



The bus admittance matrix (a singular matrix, since there are 
no shunt elements) is given by 



-315 

310 

35 

[Y1 = [G] + j[B] = 

310 

-315 

35 


u ** 

35 

-310 



and [ G] i Null matrix. 
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The notation and the basic Fewton method is discussed in 
Appendix A. The three equations corresponding to real 
power mismatch for generator bus and real and reactive power 
mismatches for load bus are given by 



^P 2 

^P 2 


A © 2 

AP 2 




AP 3 = j 

A A 

"3p, 


A © 3 

AQ 3 

rnmmmm**dm . iHNnaM* 

l ' 9 6 2 > e 3 



O' 


or in short form 


A? H U A© 

(3) 

Z> Q J L &?yv 3 

Knowing values of ^2 an< ^ ®1 Gan verified 

upon using equations (1A) and (2A) 

P 2 = 11 Sin © 2 + 5.5 Sin (© 2 - © ? ) 

P 3 = 5 A Sin © 3 + 5.5 V 3 Sin(© 3 - © 2 ) (4) 

Q 3 = -5V 3 Cos © 3 - 5.5V 3 Cos (© 3 - © 2 ) + 10V 3 2 

Prom above, the elements of the Jacobian are given by 
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From abc re, the elements of the Jaoobian a: e given by 


H 2 2 = 11 cos © 2 + 5.57^ cos(© 2 ~ 9^) 

bp 

H 23 = ~ 5 - 57 3 oos(e 2 - V =3"^ 

H 32 = -5.5V 3 ooe(S 2 - « 3 ) =J-g^ 


— 5 ^^ cos + 5 * 5 ^ cos ( 0 ^ — ©g ) — ^0 


u 23 = 5.5 v, sin(e 2 - e 3 ) = v 3 

>p, 

N = 5V Sin 9„ + 5.5V " 3 sin (© 3 - © 2 ) = ^3 


J 32 sin(©2 - ©3) $ 2 


J 33 = 5 V ? sin © 3 + 5 . 5 V^ sln (© 3 - © 2 } 


1 33 = - 5 V 3 cos © 3 - 5 . 5 F 3 cos (© 3 - © 2 ) + 207| = 




Step 1 : Assume flat start, i.e., = 1.0, ©2 = ®3 ~ 0, 

From eqns. ( 4 ) and scheduled power calculate mismatches 


AQ, 


5.3217 

-3.63922 

-0.0339 
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Tiie Jacobian is 

16.5 -5.5 0 

-5.5 ■ 10.5 0 

0 0 9.5 

Mote that typical of a flat start, M and J terms in the 

% 

Jacobian are zero (or very small). After triangularizing the 
Jacobian, we can solve for voltage and angle corrections. The 
answer is 


A v 

V 1 = -0.00357 

3 

or 


= 0.996 

A = -0.2152 

or 

®5 

= -0.2152 

A9 2 = 0.25 

or 

e 2 

= 0.25 




With new values of V_, ©_ and © n we proceed as in Step 1 and 
reiterate until error becomes below accptable level. In our 
case we need a total of 4 iterations. The final result is 
as follows » 

V, =0.9, 9, = -0.2618 radian or -15 degrees 
5 5 

©2 = 0.2618 radian or 15 degrees. 
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Fast Decoupled Load Flow 

The first step in applying the decoupling principle is 
to neglect the coupling sabmatrices [F| and [J] in ( 3 )# 
giving two separate equations 

[AP] = [H] [&. Q] (5) 

[AQ] = [L] [Af/y\ ( 6 > 

where from eqns« (1A), (2A) and (4-A) it can he shown that 

H km ~ ^km ~ W < W ,ln ®fcm " B km oos ®km> for (7) 

H kk = -Vk'^ ^ = - B kk 7 k +! ^ (8) 

Equations (5) and (6) may be solved alternatively as a 
decoupled Newton method, re— evaluating and retriangularizing 
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[H] and [L] at each iteration. But further simplifications 
can be made. In practical power systems the following 
assumptions are valid 


Cos ^^1, Sin © W <CB 


km 


km 


km 


Q k < ^ B kk V k 


Then good approximations to (5) and (6) are 


[API 

= [V-BV-71 [A©] 

(9) 

[AQ] 

= [ V *B ' ' *V] [AV/VJ 

(10) 


where B’ and B* ' are strictly elements of [-B] (see equation 
(1 )l). Purther simplification is made by taking left hand 
terms in (9) and (10) on to the left hand side of the 
equations and then in (9) removing the influence of WTML 
flows on the calculation of c*«i by setting all the right 
hand V terms to 1.0 p.u. 

Other modification (which are not application in our 
case, are i 

(a) Omitting from [B 1 ] the representation of those 
network elements that predominantly affect MVAR flows, i.e. 
shunt reactances and off— nominal in-phase transformer taps. 
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(b) Omitting from [B''] the angle shifting affects of 
phase shifters * 

With the above modifications, the final fast decoupled load 
flow equations become 

j-Ap/7] = [B»] i >0]. (11) 

[AQ/V] * [B r '] [Ay] (12) 

Both [B’] and [B 1 '] are real, sparse and contain only network 
admittances . They are constant and need to be triangularized 
only once at the beginning. 

The recommended iteration scheme is to solve (11) and 

(12) alternatively. Each iteration cycle comprises one so- 
-fotAjs ckMe. 

lution for [AG^and then one solution for [h-V] to 'update [V] , 
termed here the [1G, 1VJ scheme. 

For the numerical example already discussed. 
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As 'before assume a flat start, i.e. 

© 2 = o, © 3 = o, v 3 = i.o 

( -it, can be verified that 
Then using eqns. (2), it oan 


AP 2 = 5.3217 t 
A =-3.0392 i 

Then A = -0.2432, 

or = ”0»243» 


A p 2 / y 2 = A * 83 ' 8 

AP3/V3 =-3.6392 

A ©2 = 0.2414 

e 2 = 0.2414 


The correction for V, 1- obtained fro, the decoupled equation 


AQ. 

10 A = —y 


Using, the latest values for © 2 . and 9^ 

AQ 3 = -0.29 orA S /V 3 = " 0 * 29 ‘ 


©_ in (2), we get 


Therefore, 


A? 3 = -0.029, 


0.971 


This completes (19, 17) iteration. 

The final result is of course 
regular Hewton-Haphson method. 


the same as obtained by 
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Very App,r- ximate D»G. Load FI dw 


Here all voltage magnitudes are taken equal to 1.0 
and only real power flow is considered, line resistances 
as well as the shunt elements are neglected. Thus the only 
unknowns are bus voltage angles where the angle for slack 
hus is taken as zero. The real power flow on a line 

connected between buses k and m and having reactance 
(taken as a positive number) is given by 


P 

where and €) 
k m 

respectively. 


_ S _ ( Q _ Q ) B, 

km X, v k m' km 

km 

are voltage angles at buses k and m 


We can write the linear algebraic equations 

[P] = c B i c 

= Vector of bus specified powers (slack bus not 
included) 

[B] = Real, sparse matrix where the diagonal entries such 
as is the sum of all line B's (taken as 
positive number), connected to bus k and B km 
is the negative of line B between buses k and m. 

= Vector of unknown voltage angles where slack bus 
angle is taken as zero. 
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Por our example 


— 


— — 


— — 

5.3217 


15 -5 


«2 

-5.6392 


-5 10 


s 


Thus we can solve for [0] in one triangularization and "back 
substitution. The result is 

9 = -0.22^0 rad. = -12. 83 deg. 

3 

© 2 = 0.280 rad. = 16.04 deg. 

The accuracy of the above method is remarkably good when the 
system is heavily loaded, transmission lines are short with 
large number of interconnections. 

Properties of Past Decoupled Load Plow 

The most important properties of the fast decoupled load- 

■ ' gs 

flow method can be listed as follows * . 

1) High Speed : The matrices [B*] and [B ,T ] are constant 

sparse and symmetrical. Oomputational efficiency is achieved I 

by calculating only their upper triangular factors only at 

start. Very fast repeat solutions for angle and magnitude 

V : . . - 4: 

corrections are then obtained using these factors during the 
iterations. Bach iteration is roughly 5 times faster than one j 
iteration of Newton T s method which requires re-triangularization 

* ' 

of the Jacobian matrix. Moderately accurate solutions are 
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normally obtained in 2 or 3 iterations from a flat voltage 
Start. Greater accuracies can be obtained by further itera- 
tions and very accurate solutions are usually obtained in 
4 to 7 iterations. Reference 6 lists the total solution 
time (excluding input/ output ) on a CIO 7600 computer for a 
1080 bus system as 3.2 seconds and for a 118 bus system as 
0.13 seconds. 

2) Low Storage ; Due to symmetry only the upper triangular 
factors of the matrices are stored. Overall storage require- 
ments of the method are about 40 percent less than those of 
Newton's method and if required may further be reduced by 
solving the 'MW-©' and 'MVAR-V' problems alternatively in 
the same core area, using a small number of core-to-disk 
block transfers. 

3) Reliable Convergence 1 Matrices [B'] and [B n ] represent 
the fixed tangent hyperplanes of the load flow equations, and 
correspond closely to the Jacobian matrix at the point 

= 1,0, ©^ = 0°. As a result, the convergence of the method 
is very reliable. 

4) Versatility : Even though not discussed in this paper, 
very fast outage security checks can be obtained with the 
method using a simple matrix modification technique. The 
solution of each outage case usually takes 1 or 2 iterations. 
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The method can also handle adjusted solutions are single- 
criterion controls such as on-load transformer taps, phase 
shifters and area interchanges, generator Q limits and load 
bus Y limits. Adjustments are made before or after the 
solution of (11) or (12) according to whether they prikarily 
affect MW flows or MYAR flows, respectively . The total 
number of iterations for the adjusted solutions may easily 
double compared to an unadjusted solution. 
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Q APPEND IX A 

9^., Y lc = Voltage angle, magnitude at bus k 

©i = ©i *— © 

km k m 

®km + '^km = element of bus admittance matrix [&!+;)[ B] 

The complex power P-^+jQ^ injected at bus k is given by 

E k “ \ md2V S lm «k» + B ta S “ <W 

\ “ V k mek&^km S “ V ' B km a ° s e km> < 2A > 

AP^. + jAQjj. is the complex power mismatch at bus k and is 
given by 


A^k — ^k — ^k 

^«k = 4° - \ 

where P^ 0 and d^ G are scheduled real and reactive power inje- 
ctions at bus k. 

The Fewton-Raphson algorithm is 


AP 

r 

_ AQ 



H 

J 


F 

I 


A© 

f>v/vj 


(5A) 


where A© and Ay are angle and voltage corrections and 


H km “ 


Ye 


m 


'km 


ysr ’ 


H km = 7 m 

> 0 ), 


(4A) 


m 
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INTRODUCTION : 



The set of requirement for Real Time Software has 
derived through the review and analysis of few representativ 
electric utility specifications and one Regional Load Despat 
Centre tender documents. For Real Time operating conditions 
Power System, a set of thoroughly debugged programms are exe 
at fixed requency. This requirement needs that computer sho 
offer besides CPUs, Memory and conventional peripherals folio 
features s 


i.; Scheme to keep track of time ( hardware/s of tv/are time) 

ii. Responding capability to a synchronous external events 
(interrupt feature, priority, queueing, masking and 
unmasking of interrupt) . 

iii. Capability to interconnect process signals, directly 
to computer (Process Input/ Output feature'). 

iv. High degree of reliability 

v. Communications to remote stations 

vi. Display of process conditions 

vii. Switching facility to appropriate back up control 
scheme in case of computer failure. 

The other points of interest are that the response time 
for executions of programs is generally small and accuracy demanded 
is generally low. A 16 bit computer is generally acceptable for 
process control from accuracy view point. To meet the fore-said 
requirements, an operating system is required, besides regular 
chorus of Assemblers and Compilers. Operating system features of 
few selected manufacturers have been evaluated with regard to 
Electric utility specifications. 

Currently, the mini-computers offer a fairly sophisticated 
operating system supported by assembler including macro— assembler, 
compilers, linkage editors, simulation and optimisation packages 
and powerful scientific and statistics library. The mini -computers 
are very effectively competing price wise with medium range «omputer 
systems. For the current study selected vendors systems software 
has been analysed for suitably in power system control centres. 
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2. ENERGY CONTROL CENTRE SOFTWARE REQUIREMENTS 

Energy Control Software can be classified into 2 categories: 
1 •. System programmes : 


Operating system: variety of operating systems#, 
e. g. : tape operating system# disc operating system# time 
sharing operating system and multi-programming operating systems 
are currently available from the mini -computers vendors. 

- Data acquisition programmes. 

- Computers e.g. FORTRAN#. BASIC. 

- Assemblers and loaders. 

- Linkage editors 

— Macro processors 

- Text editors 

— Scientific and statistical library 

— Optimisation methods (e.g. Linear Programming). 

- Simulation languages compilers. 

— Data Base management software 

— Data communications and computer Network Software 

packages.' 

2 J Application Programmes : 

The major differences in the software packages in the 
various energy control centres is basically in choice of * 
application software. This set of programmes include: 

- Despatcher assistance a programmes:- Logging# alarming#' 
alarm analysis and suppression# mimic board and display 
drivers and despatcher computer interface programmes 
are part of the despatcher assistance programme 
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- Security programmes : These include- automatic 
generation control, steady state security analysis, : 
contingency evaluation and security monitoring. 

- Economy programmes: These include Cost Analysis and 
Economic Despatch programmes, 

— Programmes related to the specific requirement of 

the concerned power system, e.g. Reactive power 
control,- 1 

SYSTEM SOFTWARE 


Figure 1 symbolically represents the relationship between 
different application and system software and hardware of a 
computer. 


3. 1.1 Operating System Requirements 


3.1.1. 1 Monitor : The monitor would be required to operate 
in a multi-programming environment and is 
responsible for allocating system resources (CPU,, 
main frame storage, auxiliary memory, peripherals 

and timer etc.) and services (libraries, translators, 
utility programs, editor I/O handlers etc.) to the 
programms under execution. 

3. 1.1. 2 Real-Time Scheduling Functions : It is required for 
coordination of background/foreground mode of 
operation. System/users programmes are scheduled 
in real time periodically or on demand. 1 A priority 
based queue is a desirable feature for interrupt 
processing. 


3.1.1. 3 Interrupt processing : It is the fundamental 

requirement for on-line applications. Interrupt 
handling routines are generally core resident 
and interrupt monitor runs under highest priority. 
Dynamic priority allocation is a desirable 
features. Hardware priorities should be carefully 
planned and allocated at the time of system 
generation. The hardware of the external 
environment has higher priorities than computer 
system hardware (peripherals, console etc.) 
except the power off/ on and machine check error 
functions.' 


3. 1.1*4 Memory Management; Following are the functions 
required for effective utilisation of storage 
space. Dynamic relocation of core with program 
relocation and protection, swapping of lower 
priority programs to disk, program to program 
communication are some of the functions of memory 
manager. System routines are required to gather 
small unused segments of main frame storage into 
one contiguous area so that no program can be 
delayed when sufficient unused core is available* 

3. '1.1.5 File Handling System ; This programme is 

required to operate in Real Time mode. These 
programs are not core resident but are scheduled 
from disk as required usually on conditions or 
flag set when disc space is sparse, disc sectors 
non-operable etc. The ability to create permanent 
files On-Line is desirable., 

3.1.1. 6 Input/ Output control system and devices handling: 

This set of requirement is device oriented and 
include device handlers for process devices e.g. 
Data loggers, trend recorders, CRT's mimic 
diagrams etc. besides regular peripherals handling. 
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The user must be able to do formatting, information 
storage and retrieval, create and up-date files 
etc. Code conversion f acility is also required 
for inter-device communications. Specially 
important are man -machine programs, which are of 
interactive nature, for flexible formats on 
displays. In addition to local plant input/ output, 
data acquisition from remote terminals are major 
responsibilities of system software. 

3. 1.1. 7 Seecuritv/fail over: This requirement is not 
totally a software function. This can be provided 
through a computer and/or other alternatives to 
switch to manual control. Through software, 
periodic tests of computer resources is carried 
out to detect errors and then to communicate to an 
operator. 

3.1. 1.8 Hardware Diagnostics : Real time testing of each 
hardware element is required. Mainframe storage, 
peripherals etc are tested at scheduled intervals ! 

of time or immediately after fault detection. j 

. , ■ ■ ■ ... ^ ■■ ; " ' V , ' .. 

3.1. 1.9 Sof tware/Diagnostics : It is menat for development . 
of software in back ground mode. Features like 

selective dump, traces, general register dump, j 

' ' j 

symbol table assignment, comprehensive error 
messages are desirable characteristics. 

3.2.0.’ Programming Languages suitable for CN LINE 
FUNCTIONS 

3* 2. 2.1 Assembler: It converts symbolic codes into machine 
code, which is directly executable. Assembler 
codes are compact, machine dependent and have 
advantages of faster execution speed. 
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3.‘2.2„3 Procedur a l Languages 

a) Rsa.1 Time FORTRA N: It is widely used 
process ^ontrol language. Real time FORTRAN 
is a superset of FORTRAN IV and offers syntax 
suitable for bit manipulation, process input/ 
output handling, file handling, communication 
with operating system and timer s ettings for 
scheduling of user programmes. Earlier Fortran 
Compilers required high core storage and were 
slow in execution speed. These problems have 
been solved by commercial availability of 
economically priced high speed mainframe and 
faster floating point hardware. 


Demerits : It is not a very convenient language: 

in conversational/ interactive model besides 
being difficult to debug. 

b) BASIC: It is interpretive language. It 
checks the syntax statement by statement and |; 
is executed 'on the fly*. 'BASIC* has been 
extended to allow for time and event scheduling 
of programs, analog and digital signal 
processing, bit manipulation, interrupt maskinc 
demasking, extensive 3/0 commands to include !; 

character oriented peripherals. i 

. .-... ■ ' ■ ■ " ' ■ "... ' - , - ' ' ' | 

: ...... '. : . .- : ;■ . . j 

. ■ ■ . ' ,. ' a . ' ' - , , ■ . - j 

3J2. 2* 3 Problem Oriented Languages: . These class of 

' . " ' ' ' - [ 

languages are machine independent and are f 

nearer to a process application. They either 
have syntax that includes actions to be 
performed by the process or have 'flow diagram 
or 'Fill in the blanks' formats. PRCBPRO 
(IBM— 1800 ) , AUTRAN, PROCOL (MITRA-15 ) ATLAS 
(Ferranti - Argus) are example of this 
class of language. 




4. APPLICATION PROGRAMMS 

4 • 1 Digital Data Acquisition and Control 

The function of Digital Data /acquisition and' 
Control Program is to build a real-time data base which 
acts as a clean, easily definable software interface 
between the acquisition and control program and the various 
application programs. The basic features of the digital 
data acquisition and control program are:' 

— Establishes the real-time data base for all data 

to be used by application programs. 

- Provides an efficient interface between the data 

base and the several application programs that 
utilize this same data. 

— Minimizes computer time required to obtain data 

and execute control actions.. 

This program is composed of several functional 

. I . 

modules.; 

4.1.1 Data Gathering : Data Gathering is accomplished 
under program control and normally consists of: 

— Periodic Data Scan 
— Continuous Data Scan 
— Demand Data Scan 

Periodic Data Scanning may be accomplished at 
one or more pre-defined intervals - for example 
two seconds for Load Frequency Control (LFC) 
data acquisition and hourly for MWTH data retrieval 
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4.1,2 Remote Control : Two general types of remote 

control functions are implemented in the program: 

1. Generator control is initiated by the load 
frequency control program. 

2. Demand control involves the implementation 
at a remote station of a supervisory control 
action requested by the system operator or by a 
computer control system. 


4.2 


AUTOMATIC GENERATION CONTROL 

The needs of Automatic Generation Control for 
modern electric power systems have been met by digital 
load frequency controllers (LFC). The basic function of 
an LFC program is regulation of the power output of 
generators w ith-in a defined geographical area in response 
to changes in system frequency, area load, and tie-line 
loading in order to maintain frequency and interchange 
schedules within predetermined limits. The features of 
this program include: 

- Permissive Control Action wL th Economic 
Loading. 

- Controller adapts to load characteristics. 

- Controller can progressively override economics. 

— Feedback and Feedforward control techniques are 
utilized. 

- Controller recognizes generator constraints. 


.../- 
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SEC URITY MONITOR 

The area of security monitor application programs 
includes: real-time load flow, real-time contingency 

evaluation, reserve monitor, overload monitor and other 
alarm monitors. Of greatest interest are the real-time 
load flow and the real-time contingency evaluation 
application programs, 

4. : 3.1 Real-Time Load Flow The most direct way to 
monitor the security of a power system is to measure and 
telemeter all important voltages, currents, and complex 
power flows. Sin«a this is not always practical or 
economical, we must take full advantage of the telemetered 
data which is available to the control computer and derive 
or estimate the unknown conditions of the system. The 
most straight forward approach is to model the power 
system by means of a Newton-Rap hs on load flow which 
computes all line flows and bus voltages. Major steps 
are as follows: 

— Process Telemetered Data and Reject Bad Data. 

— Examine the Circuit Breaker Status at each 
Substation and reduce the network to a unique 
number of electrical nodes. 

~ Form the system admittance matrix, establish 

generator bus schedules, and load bus schedules, 
and prepare a load flow data base. 

— Execute a Newton-Raphson load flow.' 

- Compare available telemetered values with outputs 
offche model to detect any anomalies. 

- Check all line flows and bus voltages for out of 
limit conditions. 


The function 


4»'3. ; 2 Real-Time Contingency Evaluation : 
of the real-time contingency evaluation program is to 
evaluate the performance .of the present system under 
assumed transmission line and generator contingencies® 
First, a real-time load flow is executed in order to 
establish the validity of the system model and to provide 
information regarding voltages and power flows for which 
telemetry does not exist or has temporarily failed. 

Data for real-time load flow is provided by the telemetry 
processors.’ Security Monitoring programm includes 
following features: 

1 

Alarming of off normal conditions 

: . ■ . . ‘ ■ ' . j 

Performing a real-time load flow 

Providing an estimate of missing or unmetered! 
data 

Performing a real-time Contingency evaluation! 

Providing advance techniques such as stabiliti 
analysis which monitors voltage phase angle 
spread.'’ 

4.4 ECONOMIC DISPATCH 

Economic Dispatch refers to the conventional Lagrange 

j 

Multiplier technique for the economical distribution of power among 
generating sources while accounting for the effect of generator 
operating limitations and transmission losses. Security of the 
power system is largely under the supervision of the system 
operator, in other words, the operator can adjust high and low 
generator limits In order to shift transmission line loading 
or to distribute spinning reserve.- Features of economic despatch 
program include: 

- Economic Distribution of Generation 

- Computation of the Transmission Less Effect 

- Inclusion of Unit Operating Restrictions 

- Allocation of Regulating Margin 

- Inclusion of Participation Factors for Control 

- A Minimum Input Dispatch Option to minimize 
transmission losses rather than Operating Costs. 
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AnOptimal • (JrdeiMig for Sparse Systems 

t P Singh, Aiember 

,|VK' Goel, Ncn-raember , , . 

Number of new non-zero elements created during the emission elimination of the coefficient matrix of a 
’ physical system depends upon the sequence In which the variables are eliminated. Therefore, the ordering of 

' rows of the coefficient matrix or ordering of the nodes of the corresponding system graph affbets, to a very 
targe extent, the computational efforts required to obtain the solution, Though art absolute optimal ordering 
is elusive, the search for the best continues. This paper Is a step in that direction. In this paper, the sparsity 
problem is formulated through the technique of dynamic programming based upon graph-theoretic approach 
ami the different schemes of optimal ordering along with their flaw diagrams are presented. 


INTRODUCTION (h) In the field of behavioural and social sciences 

such as interaction of a single employee in a 
The mathematical formulation of a large class of large organization, do 

physical systems that exist in practice is a sparse set of .... . 

symmetric linear equations. Tne computational efforts From the above list, it is evident that the matrices 
and hence the computational cost required to obtain associated with the most man-made systems are sparse, 
solutions of these equations depend to a very large Recognition of this fact has kd to the development of 
extent on the sequence in Which these equations arc techniques for compact storage and processing of 
solved, that is, the equations are ordered. The same is sparse arrays, that, is only the non-awo dements in the 
true for the coefficient matrix of the physical system and digital computers. The discovery of sparsity and its 
also for the corresponding system graph. Thus the exploitation has become a major technological 
ordering of rows of the coefficient matrix of the system of advancement in the computer programming and nu- 
equations and hence the ordering of the nodes of the metical analysis. Markowitz was perhaps one ot the 
corresponding graphs in the elimination process is very first scientists who observed and exploited sparsity 
important as it affects the co$t of computation, time, etc. in the matrices associated with the linear programming 

' Z problems in industrial applications. Tinney ra and 

A physical systeia described by a set of n linear his associates rediscovered and applied sparsity tech- 
algebraic equations of the form: niques in electrical network calculations. 

X*-6 problem formulation 



<d) Street connections within a city 

. 4e) Matrices associated with algebraic equations re- 
sulting from numerical solutions of differen- 
tial equations 


Let a physical system be described by a set of ndiaear 
gebraic equations of the form: 

(Aix-s ■ . ..a* 


(g> Transient matrix associated, with the employment 
of an individual in the spaoe of all positions in 

the job market. 
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is called ‘symmetric’ if the coefficient matrix A is sym- 
metric, and sparse if A has a large number of zero- 
elements. A large number of physical systems are spa 
no, such as 

(a) Networks of all kinds such as electric power, 
communication, hydraulic system 


O') 


trusses and frames of structures 


(c) Roads, highways a 
cities of the wort 


airways connecting all the 


Consider a concrete physical situation such as a 
power system network. It consists of a set of busbars and 
a set of transmission lines connecting the busbars. A 
complete description of it must show the physical 
quantities attached to the various parts of the system 
(such as generation, load and line parameters) as well as 
the configuration of the system itself. Mapping each 
busbar into a point and each transmission into an edge, 
the physical system is mapped into a system of points 
and edges which is referred to as ‘undirected, os’ sym- 
metric finite* graph^Tbere may ^oo^^ns^n^m^a 

tbovbj The s my represent 

ids, trusses, etc. £Ha» 
uadcr different names 

such as 


§ 


i' iic pKiokm is lo dcteinm.e ihv solution .ccior x 

by the elimination process (say, Gaussian elimination 

method) so that the computational efforts and hence the 
computational time and cost are minimum. The number 
of multiplications needed to obtain the solution is taken 
as a count for the computer tie and hence the com- 
puter cost. Further, if only the number of multipli- 
cations are to be counted, a reduced incidence matrix 
M of the coefficient matrix A as defined below will serve 
the purpose: 

only if utj-j&O 
tnti m 0 otherwise 

A system graph (KM) of equation (1), that is, for the 
.coefficient matrix A is formed as follows: 


in a connected graph (Fig 1 ,» for the above equations* 
nodes communicate between one another through the- 
path between them. Thus if paths exist between the 
nodes adjascent to a node k such that if A; is removed, 
flow in the graph is not interrupted, node k can be- 
eliminated without affecting the remaining graph. In 
Fig 1, elimination of node / will not affect the flow and 
hence will neither add any new branch in the graph nor 
add any new non-zero element. in the off-diagonal loca- 
tion of the coefficient matrix A. However, if no path, exist* 

, prior to the elimination, then new pa(u haveKtd be 
created. For example, the elimination of node 3 in Fig 
1 affects the flow of path between nodes" 2 ami 4 bfi& 
(and not between nodes 4 and 5) and hence a now link 
24 will be added in the connected graph, and similarly, 
a new non-zero element a M (which was zero oarli«r) 
will be added up in the coefficient matrix A. 


With each equation i in A (that is, ith row of the 
coefficient matrix A), there is associated a vertex (node i) 
in the system graph referred to as G{M) and with each 
non-zero term (each pair of non-zero’ coefficient of 
A) at), there is associated an edge (undirected branch) 
between fth andyth nodes namely vertex. In other words, 
each row of the coefficient matrix A corresponds to a 
node In the system graph and each off-diagonal ele- 
ment corresponds to an undirected branch in the 
system graph. 

In the process of elimination of the coefficient 
matrix A, its system graph C(M) or 0(A) also gets 
modified. Hence, if the fth row of matrix A is elimi- 
nated, the fth node of the graph 0(M) also gets eli- 
minated 4 . Let Oi be the graph obtained after the fth 
node (after fth equation of set (1) or fth row of A) is 
eliminated. Let <?» be the number of multiplications 
needed to eliminate fth node. 

Let W n (0) be the total number of multiplications 
needed for the optimal elimination of the coefficient 
matrix A of the order AT whose graph is G(A). Thus, 
by the technique of dynamic programming,*"® this func- 
tional can be written in the form: 

(C) - M ] n (ci + G1» M j n [e< + Wft.x (GO) 
EXAMPLE 

Take a physical system which can be described by the 
linear algebraic equations: 

®n "t* Cji 
Zj 4* Of | Xg 4- S|) z, =* 

a n x t 4- z, 4- aj, x 4 + «so x t «* h 
*» + x * + a « *5 — K 
Osa x a Cm z, a 6B Xf «=■ (2) 

which can be written in the matrix form as: 



Fig 1, Connected graph for eqmtkm 0 


To illustrate the point, consider the elimination of 
node & in the following eases (Fig 2): 



In case A, elimination of node k does not add any 
new edge as nodes i and J are connected by an edge 
(in the coefficient matrix the dement ay will be non- 
zero). But in case B , elimination of node k results 
in the addition of an edge i-tn and hence the element 
at m which was zero earlier will appear now in the 
matrix A. This is represented in Fig 3. 
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Thus, it is clear that for the coefficient matrix A. of 
the linear system of algebraic equation Ax =■* b, there 
corresponds a graph G(A) such that coefficient ey of 
the variable x, in the fth equation of the system k 
the weight or traffic on the path between nodes I and/. 
Given a graph G(A), the corresponding matrix can be 
constructed. There is associated with the matrix^ or 
graph G(A) an incidence matrix M. It ia sufficient to 
show that the elimination of node j Scorn the graj* 
G(A) has the same effect on AT aa the elimination of 
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yariable X] from the system equation A x=>b. When 
Code /is eliminated, all the paths incident upon it are 
Removed from the graph. The traffic going through 
node / must be redistributed as follows : for each node 
pair (k,i) which are neighbours of node j, the path 
between k and i is created or unaltered according as 
yrhether no path existed between k and /or a path misted 
between them. An unaltered, path does not affect the 
matrix- M but the created path adds new non-zero ter- 
ms in the corresponding locations of M. 

ALGORITHMS FOR OPTIMAL ORDERING 

As discussed earlier, the order in which the different 
rows of the coefficient matrix is eliminated (that is, the 
order in which the different nodes of the corresponding 
graph is eliminated) affects the creation of new non-zero 
terms in the coefficient matrix (and hence creation of 
new branches in the corresponding system graph), 
thus affecting the computational efforts, that is, com- 
putation time and hence cost. Following are the existing 
as well as new proposed methods for the optimal order- 
ing of the rows of the coefficient matrix A or the 
nodes of the corresponding graph along with their flow 
diagrams (Fig 4). 
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READ PRIMITIVE ADMITTANCE 
MATRIX ' ■ 


FORM V BUS MATRIX 


FIND OEOREE Ur AU THE NODES FROM 

i ■» »' ' 


F1NO THE NODES HAVMO MWMlM 
VALUE OF OEWEt 


AMONG THESE NOOtt.OET THE ONE 
HAVING MINIMUM QUINCY 

REPLACE' THIS ROW RV ROW i 
OtCOMPOSE ROW 1 


GET TRMNOULART MATRIX 


OUTPUT TRIANOU* MATRIX AM 
NOWERO ELEMENTS W IT 


Thii iwiicuid for no-s^ equations in power ngw<f to 
is mtch superior to the first one. The only:, wtSM^of ' -> ■ 
scheme 1 is its simplicity and speed. But the Ctfre^frin^ 
required in scheme 2 is justified on its supferipftrdunds^ 

ALGORITHM, 3 //)■ 

- Number Ubt'ijbde'feRt'sp' -gNe , 

risetominimiun v • 

so that at each ’vip.ot . 

be operated upon it! the one mat ivoqld introduodthej v ■ 
fewest new lion-zero elements! If^mcrertfrair' qpls tow,*. 
meets this criterion, select any one. XWamvMm t Jritl ^ 
simulation of everyfeasible alternative of the, tJisripidon 
process at each step. . 

For power thU 

to bo better ’ than schema 2, to justify the. addlttonjBl 
time requiredforiU execution. 


Fig 4 How diagrams ef existing and preposad method* fer optimal 
ordering . 

Translating the same statement in the language of 
matrices, number the rows according to the number 
of non-zero off-diagonal terms before elimination. 
In this scheme, the rows with only one off-diagonal term 
are numbered first, those with two terms second, etc, 
and those with the most terms last. This scheme does 
not take into account any of the subsequent effects 
of the elimination process and for the same reason is an 
inferior one. The only information needed is a list of 
tjto number of nofroeco idnm in each tow of tfco on* 
final matrix. 

To illustrate the algorithm by means of a flowchart, 
aa electrical transmission system is considered. The 
terminology associated is not .explained as the concepts 
involved are elementary and can be referred to in any 
book on power systems analysis. 

Algorithm 2 

At each step of the elimination scheme, eliminate 
the node with the smallest degree. 

In matrix terms, number the rows so that St each 
step of the process, the next row to be operated upon 
is the one with the fewest non-zero terms. This scheme 
requires a simulation of the effects on the accumulation 
of non-zero terms of the elimination process. 

There are a number of ways to motivate this choice 
>f algorithm. Thinking intemtsof problems such as the 
rawwing salesman problem (TSP) in which it is neces- 
lary to «efce a given number of steps, the proposed 
ilgorithm requires that the smallest step be taken at 
iach time. This policy is an approximation to the 
iptimal policy by Bellman dynamic programming 
echnique using multi-stage decision process. 


Algorithm 4 > 

, . j . t * ■ j . j , * * <’ Vf * I v',.* t « • ri ■ f 

This makes u*e of algorithms 2 'w.j| i described 
above. When mote than one node has the ,*•**? degree, 
than this algorithm helps us to bregk i .t • i 

has the same depie. than remove thg particular node 
first which also creates mWmsl off-diagonal pon**ero 
terms. . •«. 

As this atgoririun , exptajts ■ 

algorithms 2 and 3, the ordering obatined by tto method 
will not be Inferior to that obtained by cither of t tip pre- 
vious two algorithms. This extra cost is by wnyofadded 
computation time. . i-i 

Algorithms . " . , •„ *u 

There are three basic parts to this algoritiun An 
array, [let us call It NUMOFF (*)] Is set up which 
records the total number of non-sero off-diagonal terms 
in row fc. 

Part I of the algorithm searches this army once to 
see if there are any nodes with only one nonzero 
off-diagonal term. If one is found, it is njunbered 1 and 
the array NUMOFF isaltered. There wiU be no addWon- 
al non-zero terms created at this step ofdeccwmo- 
sition. The off-diagonal term of this new node 1 wfllhe 
located in some column}. Array NUMOFF Is altered 
by reducing the reorded number of off-diagonal terms 
associated with node /by one. If by this reduction of l, 
the effective number or off-diagonal terms associated 
with node/ is one or fewer, then the node/ is numbered 
next and the process repeated. A singe sweep through 
the array NUMOFF rapidly .picks off every node, that 
has only one or fewer effective non-zero off-diagonal 
terms. 

Part II of the algorithm, searches the remaining nodes 
for those which can be deoomposed whhout recreating 
the number of nonzero terms. Suppose node t has 
associated with it two tren-zero off-diagonal terms in 
row / and k. If the tiem -Atin/ft row and fcth column 
is non-zero, then ith node is renumbered next and 
NUMOFF (J) and NUMOFF (fc) would have one 
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As <\uh mule lb diet ted, an array iFII.J. is svt vp 
which fi'ivrd> the number of row positions mat would 
Income nonzero if that pur Men far node u v:z renum- 
bered next. 

far! Ill finds the node that world eau. 1 .*; the fewest 
new mm* zero terms by searching ;he array IF? 1.1, 
In case more than one node satisfies this criteria, the 
m. de with the maximum degree h numbered next. 

After a choice is made and a nede renumbered, the 
new non-zero topology caused by the decomposition 
of the nodal equation is recorded, The array NUMOFF 
is kept up-to-date by adding I to the row in which each 
new sum-zero term caused by the Composition of 
that node appears. Also, as in all prior renumbering 
in part ! and part If, flu: array NUMOFF is altered by 
s abstracting I fr< m the appropriate rows containing 
the nun-zero off-diagonal terms of the node jus! re* 
numbered. If by this substruction an efieeiivc number 
of 1 odd diagonal term appears In any of the non** 
renumbered mws, that row is Immediately renumbered 
nest , 

A fun the book-keeping: operations have been com- 
pleted for temim.be ring of a row from part HI. part If 
is entered at the beginning. The search proceeds from 
this point as if it wme the first entry into pari IT 

rxwcLrmm 

Most of the physical systems that exist m practice 
are sparse and hence discovery of sparsity ami its ex- 
ploitation lias become ti major technological advance* 
mens in computer programming am! numerical ana- 
lysis. As a matter of fact, the order in which the rows of 
the coefficient matrix or nodes of the corresponding 
graph is eliminated affects to a large extent the sparsity 
of the system anil hence an optimal ordering of rows, 
that is nodus, have been developed to conserve the 
sparsity. This is essential to optimize the memory space. 
However, the graph-theoretic approach to the sparse 
systems and optimizing the computational efforts by 
dynamic programming k certainly belter, The existing 
m well is proposed algorithms which have been develop- 
ed only optimize the creation of new mw*mo elements 
or new branches during Gaussian elimination. Thus, 
search for a more general algorithm which minimizes 
both the computational efforts md the accumulation of 
new non-zero element is desirable. 

mmmmm 
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DISCUSSION 

P K Cfifttfopadhyay 

1, Is there any scope for reducing fur titer the gener- 
ation *4' non-zero demen P during the diniimiticm 
process ? 

2. ‘Fite exploit alum of sparsity requires u very complex 
computer programme. 7 he core requirements for storing 
this complex programme becomes very considerable. So 
the saving m the memory spate by storing the non -zero 
elements of M) may be nullified by extra computer 
memory required for storing the complex, program, 
particularly for small M}« Would the authors throw 
some light on this? 

Authors 

The authors are thankful to Shri riiattopadhyny for 
the interest lie has taken in their paper, ‘There is a 
further scope in reducing the generation of non-zero 
demerits and thus economizing the memory space. 
In fact, the authors themselves have developed mom 

algorithms of optimal ordering to reduce the generation 

of non-zero elements and also to reduce nrithmatic 

operations. 

No dqubt we need complex programming which 
may need more memory space in the ease of exploita- 

tion of sparsity md that is why the methods of optimal 
ordering are limited to matrices (that it, coefficient 
matrix A) of higher order md also having a large num- 

ber of zero elements (nearly 85 percent more) In the off 
diagonal location of the coefficient matrix A * This it 

why the method of optimal ordering to exploit sparsity 

is very useful in power system studies of the present 
day grid system (in Y§e« formulation) where the num- 

ber of bum is very large and also a large number of 
elements in the coefficient matrix are zero. 

Dr V M Malgtea 

The authors are to be congratulated to developing an 
optimization procedure to solve the spam linear alge- 
braic equations. 

It would have hmm informative if the authors had. 

given some comparative computer times involved If 

using the conventional method md the present iwtftmi 

What is the order of equation to which tbs above 
method Is most suitable? 

m 


Anfftws 

The authors* are ihanhtulloBr Malghau for the inter* 
tti he has shown in their paper. The authors have tes- 
ted ilietie algorithms on a 19-bus system (power system 
network) and found that algorithms *2* and *4* are the 
bed both from thepoint of view gf least arithmetic 
operations and also economy in memory space. How- 
ever, these algorithms are really effective for large scale 
power systems with 100 buses or more and with at least 


85 % or more mo dements in the off-diagonal locations, 

. « 

That is why in the case of power system studies such a* 
load low or planning studies, etc (formulation of the hu$. 
frame of reference using Yaus) lor the present day grid 
system where the coefficient matrix Y&Uh is of the <. rdcr 
of 100 or more and also highly sparse, the method of 
optimal ordering to exploit sparsity is really very useful 
to economize the memory space especially when ii ** 
required to store only mm- zero elements. 
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Sparsity and Optimal Ordering 

L P Singh, Member 
H C Srivastava, Non-member 


Matrix inversion has proved to be very inefficient for computing direct solutions of large sparse sys- 
tems of linear equations. Optimally ordered eliminations which have been proposed are more efficient 
and offer many important computational advantages. These computational advantages mainly com- 
prise number of non-zero terms created and execution time, both of which depends upon the order in 
which the rows of the coefficient matrix, that is, nodes of the corresponding graph are processed or 
eliminated. New algorithms for the optimal ordering along with an example are presented in this paper. 


INTRODUCTION 

Mathematical model of most of the physical sys- 
tems, for steady.-state analysis, is a system of simul- 
taneous algebraic equations which are normally sparse. 
To obtain solution of such mathematical models by 
computing the inverse of the matrix of coefficients is 
highly inefficient as well as laborious. In addition, the 
process of analysis is rendered' infeasible due to the 
inability of the computer to invert the matrix of co- 
efficients with the available computer storage. This is 
because of the fact that the matrix of equations formed 
for the given physical system is normally sparse whereas 
its inverse is full. But if, by an appropriate ordered 
' triangular decomposition, the inverse of a sparse matrix 
is expressed as a product of sparse matrix factors, 
an advantage in. the computational time and storage 
can he achieved. This is in effect an extension of the 
Gaussian climiation method. However, the computa- 
tional efforts necessary to obtain solutions and the 
number of new non-zero elements generated in the course 
of the Gaussian elimination process usually depends 
upon the sequence in which equations (and hence rows 
of the corresponding matrix) are solved 1 **.' Consider a 
system of n linear algebraic equations of the form; 

( 1 ) 

This equation represents the mathematical model 
of the physical system under steady state conditions. 
The physical system is called symmetric if the coefficient 
matrix [A] is symmetric and sparse if [A] has a few 
non-zero terms, that is, elements. Matrices associated 
with most of the man-made systems are normally sparse 
and. hardly JO to 20% non-zero elements appear in each 
row*. Such a situation is encountered in diverse prob- 
lems such as in power, communication and hydraulic 
networks, structural analysis, linear programming prob- 
lems, numerical solution of differential equations, dis- 
crete analysis of continuous functions, graph theory 
and network theory, etc. Thus, it can be said that the 
matrices associated with most of the physical system 
are ' sparse. Consequently techniques have evolved 
for compact storage and processing of sparse arrays 
in the digital computer. Hence the discovery of spar- 
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sity and its exploitation heralded a major break-through 
in computer programming and numerical techniques. 
Though this realization may be gradual, sparsity has 
aroused wide interests and speculations. However, 
for sparse systems, the computational advantages can 
only be availed if the equations are ordered optimally 
so as to minimize both the computational efforts, 
(cost) as well as the generation of new non-zero terms, 
that is, optimization of memory space. This paper 1 pre- 
sents a survey of the existing methods of optimal order- 
ing and new algorithms are proposed. These algorithms 
have been programmed and tested with the help of an- 
example for the pattern of new non-zero terms created, 
execution time, programming intracacies and optimality. 

MATRICES AND GRAPHS 

Optimal elimination is a topological problem which 
can also be formulated using the principle of graph 
theory to facilitate the procedure*' 4 . Some systems 
such as power system network or a frame .of structure 
may be thought of as being their own graph. Con sider, 
for example, a physical situation like , a power system 
network which consists of & set of bus-bars and a set of 
transmission lines connecting these bus-bars. Com- 
plete descriptions shows also the physical quantities 
like power generations, load demands, line reactances 
and shunt capacitances*. However, if each bus-bar is 
mapped into a point and each transmission line is 
mapped into an edge, the physical system is thus mapped 
into a system of points and edges. This is referred to as 
an undirected or symmetric finite graph. There may • 
be cases where a graph depicts some sykeras other than 
the power system considered above. The point may 
stand for people, places, atoms, joints, etc and the edge 
may represent kinship relations, pipe lines, bonds, 
trusses etc. , Such types of diagrammes occur at many 
places under different names such as sociograms, sim- 
plex, organizational structures, communication net- 
work and family tree, etc. However, there arc systems 
such as those arise from difference equations etc which 
may not have the natural graph. For such systems; 
there is a simple procedure to draw the graph (Fig l); 
with each equation in A (for the system [A} JV there 
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is assoenoa.! . ■:> -jc m eke system graph and With each 
non-zero element a u (i* « i, ..., a; j- i, ..., «}, there 

is associated an undirected branch between the ith and 
the/th node. Thus the graph theory provides the natural 
approach to the system configuration problems. Hence 
it can be said that the matrix arid the graph of the 
physical system have one-to-one correspondance be- 
tween them. 



The degree of a node or vertex is the number of edges 
that are incident to the node (Fig 2). In the language 
of matrix, the degree of a node i » the number of non- 
zero terms at the off-diagonal locations in the row i 
of the corresponding graph. 



VALENCY 

The valency of a node in a connected graph is the 
number of new paths (links) created or added amongst 
the remaining one as a result of elimination of the node 
(Fig 3). Hence the valency of the node i is defined as 
tile number of new links added to the graph (that is, 
new non-zero elements generated in the corresponding 
coefficient matrix) because of the elimination of the 
node i (row /). 

ALGORITHMS FOR OPTIMAL ORDERING 

The order of processing rows of a sparse matrix 
(that is, eliminating node of the corresponding, graph) 
affects appreciably the number of new non -zero terms 
generated in the upper triangular matrix (that is, new links 
»dded to the corresponding graph) and also the execu- 
tion time. An efficient algorithm for the absolute optimal 
ordering to minimize the generation of new non-zero 
terms and also the execution time, has not yet been deve- 
loped. But several algorithms 7 * 1 * for the near optimal 
ordering have been described for the sparse systems. 



Algorithm 1 

In this scheme (Fig 4), the nodes are numbered 
before the elimination process, according to the degree 
of each node. Here the node with the degree one, is 
numbered one, and so on, and finally the node with die 
largest degree is numbered last. • 

Algorithm^ 

In this scheme (Fig 5), the next node to be eliminated 
is the node which has the minimum degree. 

Algorithm 3 

In this scheme (Fig 6), the next node to be eliminated 
is the node which has the minimum valency. 

Algorithm 4 

This scheme (Fig 7) exploits the merits of algorithm 
of schemes 2 and 3. It can be presented in the following 
steps: 

(a) Find degree (that is, numbers of non-zero off- 

diagonal terms) of each node (row). 

(b) Find node (row) which has minimum degree. 

If more than one node (row) have the same 
degree, find valency of all such nodes (rows). 

(c) Eliminate that node (row) which has minimum 

valency. 

(d) Find degree of remaining nodes and whenever 

more than one node have same degree, find 
valency of all such nodes. Then follow step(c). 
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Step 4: f; Itmiiiciie Jh node V whose \ t * s , 
value is muxiinw 

Step- 5: Go l<» steps », 2 ;;.h ! ; V, av v. mnng 
set <>t no ties 

Step 6: Eliminate that node next to whose 

value- is maximum. In <hk way, these cycles 
are repeated unless whole matrix is tri- 
angular! zed. 
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In scheme 4* valency subroutine is called only if there 
is a tie between two nodes having equal number of 
edges but here at cacti stage of elimination a search for 


REORDER THE ROWS ASCENDING 
SEQUENCE OF' DECREE ^ 


FIND THE VALENCY Of REORDERED 
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of nodes. 

Eliminate next row. 

Repeat steps 1 ^ until matrix is triangular teed. 
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it»y nod® may be connected with one, two* three. . 
erent nodes. When a node Is connected to M diffe- 
t nodes* It k called a node of category N. in other 
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First three schemes are the existing ones and it is 
observed from the results that only scheme 3 gives a 
comparatively better result because it has the minimum 
non-zero terms (57) while the additional time it requires 
than scheme 1 and 2, is due to programming complexity. 
Scheme 1 which requires less time- but highest non- 
zero terms among the existing ordering schemes is 
simple to program and fast to excute. Scheme 2 is justi- 
fied among them becau it has the intermediate results- 

between scheme 1 and scheme 3. 

* ' 

The result of the proposed algorithms (Scheme 4 to 9) 
have also been tabulated. The results of these schemes 
(which have been tested for the same example) have not 
shown enough difference from the existing ones. But 
as the basis for the proposed algorithms has been to 
break all the ties which the existing schemes of ordering 
usually face, it is believed that for large size of matrix, 
these algorithms would have the advantage of less execu- 
tion time and minimum number of new non-zero terms. 

For the given example, algorithm 9 is justified to be 
the best Its result shows that It has taken Into account 
all the bask requirements of optimal ordering (namely, 
execution time, programming comlexity and mini- 
mum number of new non-zero terms, etc), Scheme 6 
comes out next because of its less execution time which 
compensates for the new non-zero terms introduced 
by this scheme. 

Scheme 4 can be predicted good considering only the 
non-zero terms. But it requires more time due to pro- 
gramming complexity. However, for large size of matrix 
its superiority may be expected. 

Algorithm 5, the basis for which has been taken as 
the partial ordering, is satisfactory. The results can be 
said optimal because though it gives slightly more num- 
ber or non-zero terms compared to other algorithms, 
nevertheless, it has taken the least execution time among 
aU the proposed algorithms. This method may suit well 
for the electrical networks. - 
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DISCUSSION 


From the existing schemes of ordering, it is obvious 
that many times there is a tie between (wo or more 
than two node* for their current elimination. The fre- 
quency of the ties is said to be large if the nodes carry 
equal number of edges and valency at many stages of 
elimination. 

The proposed algorithms have been developed in view 
of such ties and not even breaking these ties, the maxi- 
mum combinations of factors which affect the degree 
and valency of nodes, resulting in minimum number 
of new non-zero terms and execution time, have also 
been considered. Work can be extended if besides degree 
and valency of a node, a new property is defined which 
is a s soc i a t e d with network topology or its matrix. Then 
effect of this new property on degree and valency will 
open a way for further studies on optimal ordering. 
Inis may lead to a major Break through in the solution 
of sparse systems if the goal of achieving an absolute 
optimal ordering (which is yet to be realized) is reached. 
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Dr R Jegatheesan *' ' 

After comparing the proposed algorithms with the 
existing ones, the authors have connected that theai 
new algorithms have not shown enough dUfaw* 
from the existing ones and the suggested algorithms will 
give good results for large size matrix. 1 request tile 
authors to test the new algorithms for large size matrices. 

■ ■ . ■ 7' V <• ' < " 

Authors: * , * • , 

The authors have developed five new algorithms and 
tested for a typical 16-bus power system network and 
compared them with the existing algorithms for the 

! ;eneration of new non-zero elements at the Off diagonal 
ocations, execution time, programming intricacies 
and optimality. For these algorithms as proposed, 
the result is comparable to the existing ones. For 
example, algorithms 6 and 9 are good if we have to opti- 
mize the computer memoty, algorithm 7 is recommended 
in case we want to optimize the execution time. The 
authors are also extending the programme to test these 
algorithms for a typical electrical board with more than 
100 buses and hope to get result which will be corn- 
able to the existing ones. Further work is being done, 

: authors in this area. 



Probability Theory 


T 

Prof. J*D. Borwankar 

INTRODUCTION : 

The concept of probability is as difficult or easy to understand 
as some of the other abstract concepts with which the engineers are 
very familiar, such as voltage , farce, stress etc. Most of the time 
the engineers deal with situations that are deterministic, and as such, 
the need and importance of probability are not realized. For example, 

V = u + ft is a mathematical model for the velocity of a particle at 
the end of time t having started with an initial velocity u and 
acceleration f. However, such deterministic models fail when we get 
into situations where chance plays an important part. For example, 
the market price of a commodity at some time in the future, the 
demand for a certain product or the life-time of a certain machinery can 
not be predicted definitely. Wo can only 'estimate' these by finding 
'good* functions or curves based on observed data. The functions may 
take care of a few important causal factors, but there are many more 
causes which it is impossible to last or enumerate and which lend a 
degree of uncertainty to the prediction or estimate. Probability is 
just a measure of this uncertainty or confidence that one can place 
in such predictions. Probability models, thus, are mathematical models 
which try to explain the phenomena in which chance plays an important 
part. 

Let us now take a simple example. Suppose there is a box full 
of 100 bolts, some 1 " long, some 2" lorg and some 3” loqg. You draw a 
bolt randomly. Obviously, the outcome of the draw is affected by chance 
and one can not predict it deterministically. The question is : what 
is our level of confidence in drawing a 1 " bolt? Let us assume that 
all the bolts in the box are 1" long. Then we would be certain to 
draw a j " bolt and we say the Xuvel of confidence is one. On the other 


hand, if there were no 1 " bolts in the box, we would be sure of not 
drawing 1 " bolt and say that the level of confidence in drawicg a 1" bolt 
is 0. In a particular situation, then, the level of confidence is a 
number between 0 and 1. In the parti cular case under consideration, is 
it l/3 (because there are three types of bolts), or N^/lOO, where is 
the number of 1" bolts? 1/3 does not seen very convincing as it is 
independent of the number cf bolts (e. g. F 1 = 98, = 1, =1 gives 

the same answer) whereas you may object to F^/lOO and justifiably so, on 
the grounds that 1 n bolts are smaller and hence less conspicuous far a 
draw. Actually you may have a different set of levels of confidence 
for this situation. These numbers called probabilities can be assigned 
to outcomes in an arbitrary and subjective manner. (later on, we 
shall see the connection between probability and statistics). We ohLy 
want these numbers to satisfy some basic conditions, let us now give 
some definitions. 

DEPIFITIOFS 

a) Outcome : A single possible state of a chance phenomenon is 
called an outcome. 

b) Universe ; Totality ft of all outcomes is called the universe. 

c ) ^frent : A collection of outcomes with a specified condition is 
called an event. Every outcome is either a constituent of an 
event A or is not a constituent of A. The miverse ft is itself 
on event. 

d) Complement of an event : All the outcomes that do no constitute A are 
said to constitute A’ (complement of a) relative to ft . A' is also 
an event. 

e) Union of two events : A or B (written AUB) is the collection of all 
outcomes which are either in A, or in B or in both. No outcome should 
be replaced in enumeration. AUB itself is an event. Also AUA* - 8 

f) a and B is the collection of all outcomes which are in A and B both 
Ab, is also an event. 
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g) Disjoint or mutually exclusive events : Events A and B are said to 

be disjoint if there is no outcome common to both. This is the same 
as non overlap pirg events. 

Examples : In the situation of bolts discussed above i is an outcome, 

a = (i|> i 2 » A(say) = (bolt length is 3") = (i^) , 

A* = (i 'ji 2 ) f If B = (both lergth = 1") = (i^) then 
A, B are non Overlappiig ADB = {i^i^} . 

h) Probability distribution : Probabilities (or a probability distribution 
on 0 are numbers associated with events in n such that, if p(a) denotes 
the probability of an event A, 

i) 0 <_ P(a) <_ 1 for every event A. 

ii) p(n) 1 

iii) P(aUB) = p(A) + p(B) , if A, B are nonoverlapjdqg. 

N 

Example : We can arbitrarily fix p(i k ) = -^qq k = 1 , 2 ,3 - 

B, F + F- F 

Then p(a) =-^-; p(a') —, 2 ( 3 ) = W 

P(fl) = P (A or A') = p(a) + p(a') = 1. 

The above definition of a probability distribution is different £ran 
the classical definition which speaks of equally likely outcomes, 
fhat does equally likely mean except that probability of each outcome 
is the same. Thus the definition is circular. The above definition 
does not depend on the performance of our experiment a number of times. 

At best, the repetition of an experiment given an 'estimate* of the 
probability and as such our original model should conform to the results 
of the experiment. However, the 'estimate* can not be a definition 
of probability. Moreover, there are Situations weere experiments can 
not be repeated - as horse racing - and odds have to be assigned in an 
arbitrary manner. 


4 


RAMDO N VARIABLE 

The theory discussed above is applicable to probability- 
distributions defined on arbitrary universes. The treatment, however, 
becomes somewhat simpler in the case of real valued random, phenomena, 

i. e. , situations where the outcomes are real numbers and the universe 
is a part of the real line. The random phenomenon itself is called 
a random variable (denoted by capital letters X, Y, etc.) and the 
outcomes are denoted by small case letters x,y, etc. 

EXAMPLE 

1. The number of children X in a randomly selected family could 
theoretically be any non-negative integer. S = {0,1, 2, 3,.. * } . 

2. If n coins are tossed, the number of heads X is a non-negative 
integer between o and n. S = {0 , 1,2,. . ,,n } . 

3. The waiting time X for service at a counter is a non-negative 
number x. S={x:x>_0}, 

4. The temperature X of a given place on arandomly chosen day is 
real number x. S = {x : -«> < x < <»}. 

Note that + *> are not real numbers. Hence the random phenomenon in 
question must take only finite values, not + ” . You will also note 
that there is a basic difference in the examples cited above. The 
first two refer to a universe which is discrete - i.e. the points are 
£Lurg apart, with a spacirg between them. The other two refer to a 
situation where the values are bunched together lying in an interval. 
This difference leads to two types of random variables. 

1. Continuous random variable : X is said to be a continuous random 
variable if it takes all values in an interval (of finite or infinite 
length) . 

2. Discrete random variable : X is said to be a discrete random 
variable if the values taken by it are discrete. 


You may note that for a discrete variable S consists of finite 
number of points (Ex. 2 above) or at most countably infinite number 
of points (Ex. 1 above). A set is said to be countably infinite if 
its points can be ordered and numbered as 1 ,2,3 etc. Eor the continuous 
case, S has uncountable infinite number of points. 


DISCBETE AND CONTINUOUS DISTRIBUTIONS 


Eor the discrete random variable one can speak of a probability 
mass function p.. = 1, P Qx = 3 = 1> 2,... . Such that for each 

j,p <_?. <1 atd y p. =1. Since there are at most a countable number 
3 - 3 3 

of points in S, the sum is defined. However the situation is different 
in the continuous case. Now the sum £ p = J P £x = -x~\ will not be 


Ju 

X X 


defined as the number of points are uncountably infinite. We do have the 
generalization of a sum, viz., the integral, and can write 


f(x) >0 / f(x) dx = 1 

“ S 

However, now we have to be careful. Firstly, f(x) is not P Qx = x3 . 
Actually p [j[ = xj is zero. f(x) is like the variable density of a rod, 
which, when integrated, gives its mass. The probability of any event is 
also given in the same manner. f(x) is called the probability density 
function of X and to emphasize the last fact, we write it as f(x). Note 
that f (x) may be greater than 1 on some finite interval, even though 
the area (probability) turns out to be 1. f(x) dx may said to be the 
approximate value of? {x < X < x + dx} for small dx. 

p(a) = / f(x) dx 
A 

= area under the 
curve over the 


set A. 


DISTRIBUTION FUNCTION 

In. either case (continuous or discrete) we can define what is 
called the distribution function of X (denoted by E ) 

D x (a) =P [X < a] 


= I P x (a) <_ a) 


for discrete case 


a 

= f f (x) dx for continuous case. 

j x 

— OO 

Bor the continuous case E x is a continuous function of a da 
In the discrete case, it is continuous and flat every-where except at 
x^» x 2 ,... where it takes jumps, the jump at x^. being equal to 


OONTTNUCUS CASE DISCRETE CASE 

Itor those who are interested* we may mention here that E x (x) 
is a non decreasing function of x, with F(-«) = 0, P(+") = 1. These 

properties follow frcm the definition of E. 


Same important distributions 

2 

a) Normal distribution N(y,a ). 

Here S = (-.», <*»). 

/s 1 , 1 (x -I 

f(x) = ~ . ... exp { - 2 “ • i — 2 " 


} —09 < x < <»• 


2 A 

V and a are the parameters of this distribution : - ® < y < ®, cr > 0. 
We shall later on see the significance of these parameters in terms of 


moments of the distribution. 



The density function given above is difficult to integrate, hence 
it becomes hard to calculate probabilities of intervals or sets. Tables 
are available for 

X 1 12 

ji( x ) - J — — exp {- r y } dy 

_oo /2 tt c 

for various values of x* Obviously, for, the tables y = 0, a =* 1. 

2 

However, one can easily find probabilities for N( y, o ) from the following 
standardization 

* O i£I a Cx<^3 

cl 2 d 

where Y = N(y ,a ) and X = N(o , l) . The motivation for this distribution 
is the classical error theorem which roughly states that if errors are 
small in magnitude and committed independently, then the sum of errors 
has a normal distribution asymptotically. The density function locto like 

this 


p p 

b) X -distribution. So X (n) . 

S = (0 j 00 ) 

a _ x 

f ( x) = x^ e ^ x > 0 

n ph/2 
1 2 

where n (a positive integer) is called the agrees of freedom of the 
distribution. 

.Again, for this distribution tables are available for probabilities 

x 

F(x) = / f(x) dx 
o 

for various values of x and n. It may be mentioned here that if 
X^, X2 ,»..,X n 511,6 independent each having a N(0,l) distribution then 


8 


Y = 1 X? has a X 2 (n) distribution, 

1 1 

c) t -distribution,. S - (.,=»,«) 


, n+1 


2 - 


n+1 


f(x) =— : — — (i +--) 
r n 1:1 

I o 


--co < X < oo* 


2 

where a is the degrees of freedom, as in the case of the x -distribution. 

p 

Actually if X is distributed as N(0,l) and Y is distributed as x ( n ) "than 


A 

* n 


has a t distribution on n-d^rees of freedom. 


As in the case of the normal and x -distribution, tables are 
available for the t -distribution for various values of n. 


We shall later on see the application of these distribution later on. 
Joint Distributions 

If we have more than one random variable under observation 
such as the temperature and pressure of certain gas; we speak of a 
joint distribution function. For simplicity we discuss the case of 
continuous variables only, f (x^ ,x 2 , . . . ,Xp) is the density of a vector 
(X ,...,X ), which when integrated, gives the probability of a set in the 

* Jr 

p-dimensional Euclidean space. For example, 

a a. 

■P C?i 5. ®i > ^ i a 2 > ,,, )^p i a p3 = /* > *.** / f (x^ » . ,x ) dx 

An important example of joint distribution is the multivariate normal 
distribution N(v , X ); 

f( 5 ) = ^)P72 jy ji/2 “P (j-m)) 

where y is a real vector (p x i) and if is a positive definite p x p matrix. 
Moments of a distribution, 

a) Expectation : Expectation of a random variable X (denoted by Ex) is 
given by 



= 2 Xj, pu i ; 


discrete case. 


provided the expressions exist. 

Expectation (or 1st moment) is synonymous with the centre of 
gravity of a system of forces and is a measure of location. 

b) Variance • Variance of a random variable x(Dx) is denoted by 

DX = B(X 2 ) - (IX) 2 

2 2 
= / x f(x) dx - ( / x f(x) dx) continuous case 

2 r** . 2 

- I \ pCxj^) - x ± p(x ± ) J discret e case 

provided the expressions exist. 

Variance is connected with the 2nd moment (EX 2 ) and 1st moment. It 
measures the spread (dispersion) of a distribution. It may be mentioned 
here that P [jX = C = 1 (i.e. a degenerate distribution) if and only if 
DX =0. 

The square root (+ve) of variance is called the standard deviation. 

2 

In the normal distribution, EX = h and Dx = c . p + 3 0 covers 99^ 
of the probability distribution. 

c) Covariance : Eor two random variables X and Y, cov(x,Y) (covariance 

X,Y) is defined as 

cov (X,Y) = EXY - EX EY. 

This measures the linear dependence of X and Y. Positive covariance means 
large (small) values of X are associated with large (small) values of Y 
whereas negative covariance means large (small) values of X are associated 
with small (large) values of Y. 

In a multivariate normal distribution the (i,j)th element of % is given by 

V =0 <=> 

i.e. f(x^, Xj) = f(x^) f(x^), the joint density is the product of the indi- 
vidual densities. However this is not true in general. If Xj>X< have 0 
covariance, they are called uncorrelated. 


Xj_» Xj are independent, 


Eor a normal distribution, cov(x^. 
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INTRODUCTION : 

The concept of probability is as difficult or easy to understand 
as some of the other abstract concepts with which the engineers are 
very familiar, such as voltage, farce, stress etc. Most of the time 
the engineers deal with situations that are deterministic, and as such, 
the need and importance of probability are not realized. For example, 

Y = u + ft is a mathematical model far the velocity of a particle at 

4 

the end of time t having started with an initial velocity u and 
acceleration f. However, such deterministic models fail when we get 
into situations where chance plays an important part. For example, 
the market price of a commodity at some time in the future, the 
demard for a certain product or the life-time of a certain machinery can 
not be predicted definitely. We can only 1 estimate' these by finding 
'good* functions or curves based on observed data. The functions may 
take care of a few important causal factors, butt there are many more 
causes which it is impossible to list or enumerate and which lend a 
degree of uncertainty to the prediction or estimate. Probability is 
just a measure of this uncertainty or confidence that one can place 
in such predictions. Probability models, thus, are mathematical models 
which try to explain the phenomena in which chance plays an important 
part. 

Let us now take a simple example. Suppose there is a box full 
of 100 bolts, some 1” long, some 2" long and some 3” long. You draw a 
bolt r and omly. Obviously, the outcome of the draw is affected by chance 
and one can not predict it deterministically. The question is : what 
is our level of confidence in drawing a 1 " bolt? Let us assume that 
all the bolts in the box are 1" long. Then we would be certain to 
draw a 1" bolt and we say the 1-vel of confidence is one. On the other 



hand, if there were no 1" bolts in the box, we would be sure of not 
drawing 1" bolt and say that the level of confidence in drawing a 1 " bolt 
is 0* In a particular situation, then, the level of confidence is a 
number between 0 and 1. In the particular case under consideration, is 
it l/3 (because there are three types of bolts), or 1^/100, where IT is 
the number of 1" bolts? 1/3 does not seem very convincing as it is 
independent of the number of bolts (e.g. = 98, lb, = 1, = 1 gives 

the same answer) whereas you may object to N^/ 100 and justifiably so, on 
the grounds that 1 ".bolts are smaller and hence less conspicuous far a 
draw. Actually you may have a different set of levels of confidence 
for this situation. These numbers called probabilities can be assigned 
to outcomes in an arbitrary and subjective manner, (hater on, we 
shall see the connection between probability and statistics). We orfly 
want these numbers to satisfy some basic conditions. let us now give 
some definitions. 

BEPINIIIQCTS 

a) Outcome : A sirgle possible state of a chance phenomenon is 
called an outcome. 

b) bfa- i verse ; Totality ft of all outcomes is called the universe. 

c ) Brent : A collection of outcomes with a specified condition is 
called an event. Every outcome is either a constituent of an 
event A or is not a constituent of A. The universe Q is itself 
on event. 

d) Complement of an event : All the outcomes that do no constitute A axe 
said to constitute A' (complement of a) relative to SI . A’ is also 
an eyenct. 

e) Union of two events : A or B (written AUB) is the collection of all 
oub comes which are either in A, or in B or in both. Ho outcome should 
be replaced in enumeration. AUB itself is an event. Also AUA 1 = 0 

A and B is the collection of all outcomes which are in A and B both 
Ab, is also an event. 



g) Pis; joint or mutually exclusive events : Events A and B are said to 

be disjoint if there is no outcome common to both. This is the same 
as non overlap pirg events. 

Examples : In the situation of bolts discussed above i is an outcome^ 

® = (i|» i 2 > ^), A(say) = (bolt length is 3") = (ij) , 

A* = (i ,i 2 ). If B = (both length = 1 ") = (i^) then 
A, B are non overlappirg AUB = {i^,i^} . 

h) Probability Distribution : Probabilities (or a probability distribution 
on are numbers associated with events in such that, if p(a) denotes 
the probability of an event A, 

i) 0 <_p(a) <_ 1 for every event A. 

ii) p(fl) = 1 

iii) p(AUB) =P(a) +P(B), if A, B are nonoverlappiqg. 

E 

Example : We can arbitrarily fix P(i k ) = tjQQ k = 1,2,3. 

E N + E E 

Then p(a) = - ^ j P(A') = ~ L ~^ , P(B) = 

P(fl) =P (A or A 1 ) =p(A) + p(a') = 1. 

The above definition of a probability distribution is different from 
the classical definition which speaks of equally likely outcomes. 

What does equally likely mean except that probability of each outcome 
is the same. Thus the definition is circular. The above definition 
does not depend on the performance of our experiment a number of times. 

At best, the repetition of an experiment given an 'estimate' of the 
probability and as such our original model should conform to the results 
of the experiment. However, the 'estimate' can not be a definition 
of probability. Moreover, there are situations weere experiments can 
not be repeated - as horse racing - and odds have to be assigned in an 
arbitrary manner. 



RAffiXMT VARIABLE 


The theory discussed above is applicable to probability 
distributions defined on arbitrary universes. The treatment, however, 
becomes somewhat simpler in the case of real valued random phenomena, 

i. e, , situations where the outcomes are real numbers and the universe 
is a part of the real line. The random phenomenon itself is called 
a random variable (denoted by capital letters X, Y, etc.) and the 
outcomes are denoted by small case letters x,y, etc. 

EXAMPLE 

1. The number of children X in a randomly selected family could 
theoretically be any non-negative integer. S = {0, 1,2,3, ..« } . 

2. If n coins are tossed, the number of heads X is a non-negative 
integer between o and n. S= {0, 1,2, . . .,n } . 

3. The waiting time X for service at a counter is a non-negative 
number x. S={x:x>^0}. 

4. The temperature X of a given place on arandomly chosen day is 
real number x. S = {x : -® < x < »}. 

Note that +~ are not real numbers. Hence the random phenomenon in 
question must take only finite values, not + 00 . You will also note 
that there is a basic difference in the examples cited above. The 
first two refer to a universe which is discrete - i.e. the points are 
fLurg apart, with a spacirg between them. The other two refer to a 
situation where the values are bunched together lying in an interval. 
This difference leads to two types of random variables. 

1. Continuous random variable : X is said to be a continuous random 
variable if it takes all values in an interval (of finite or infinite 
length) . 

2. Discrete random variable : X is said to be a discrete random 
variable if the values taken by it are discrete. 


You may note that for a discrete variable S consists of finite 
number of points (Ex. 2 above) or at most countably infinite number 
of points (Ex. 1 above). A set is said to be countably infinite if 
i-cs points can be ordered and numbered as 1,2,3 etc., for the continuous 
case, S has uncountable infinite number of points. 


DISCRETE AND CONTINUOUS DISTRIBUTIONS 

ibr the discrete random variable one can speak of a probability 

^ _ r T _ _ “1 * - i p Such that for each 

mass function p^ - 1, P [_X - kj_] 3 '» 

j p < p. < 1 aoi Ip. =1. Since there are at most a countable number 

of points in S, the sum is defined. However the situation is different 
in the continuous case. Kow the sum l p = I P C x = *3 wil1 n0t b ® 

X X 


defined as the number of points are uncountably infinite. We do have th 
generalization of a sum, viz., the integral, and can write 


f(x) > 0 / f(x) dx = 1 

However, now we have to be careful, firstly, f(x) is not P Cx 
Actually P [> = xj is zero. f(x) is like the variable density of a rod, 
which, when integrated, gives its mass. The probability of any event is 
aLso given in the same manner. f(x) is called the probability density 
function of X and to emphasize the last fact, we write it as f(x). Note 
that f(x) may be greater than 1 on some finite interval, even though 
the area (probability) turns out to be 1. f(x) dx may said to be the 
approximate value of P {x < X < x + dx } for small dx. 

P(A) = / f(x) dx 
A 

= area utid er the 
curve over the 


set A. 



TiTSI'R TBUTION FUNCTION 


in either case (continuous or discrete) we can define, what is 
called the distribution function of X (denoted by F x ) 


F x (a) =P [J l a U 


= Ip x (d) i a ) 

a 

= / f x (x) ax 
— 00 


for discrete case 


for continuous case. 


dF _ \ 

Mr the continuous case ^ Is a continuous function of a jg - IW 
m the discrete case, it is continuous and flat everywhere except at 
v ... where it tafces Jumps, the jump at x, being equal to P ± . 


CONTINUOUS CASE 


DISCRETE CASE 


For those who are interested, we may mention here that 
is a non decreasing function of x, with F(-°°) -0, P(_ ) 

properties follow from the definition of E. 


E X (X) 

These 


Some important distributions 

a) Normal distribution N(u,a 2 ). 

Here S = (-“,”) •. 

1 r “1 (-£ i 

f(x) = — ~ t } 


-00 < X < <*>« 


r 2T*o 


„ and o 2 are the parameters of this distribution : - - < p < o > 0. 
We shall later on see the significance of these parameters in terms of 

moments of the distribution. 


The density function given above is difficult to integrate, hence 
it becomes hard to calculate probabilities of intervals or sets. Tables 
are available for 

x i 12 

F(x) = / = exp {-ry } dy 

_oo /2tt 

for various values of x. Obviously, for, the tables u=0, o = 1. 

2 

However, one can easily f i nd pr ob abili ties for 1T( y , o ) from the following 
standardization 

* Dr i£I d - p C P Cx < 34-PI 

d 2 d 

where Y = lf(u ,a ) and X = n(0,l). The motivation for this distribution 
is the classical error theorem which roughly states that if errors are 
small in magnitude and committed independently, then the sum of errors 
has a normal distribution asymptotically. The density function looks like 
this 


2 2 
b) X -distribution. Sox (n) . 

S = (0 ,°°) 

n x 

TJ* — l — p 

f ( x ) = _ x e x > 0 

n ? u/2 
2 

where n (a positive integer) is called the degrees of freedom of the 
distribution. 

igain, for this distribution tables are available for probabilities 

x / 

F(x) = / f(x) dx 

0 

for various values of x and n« It may be mentioned here that if 
X.j, are independent each having a N(0,l) distribution then 



Y = I X? has a X^(n) distribution. 
1 1 

c) t -distribution. S = (-«,“) 


f(x) 


r n+1 
1 1 2 

r n 
1 2 


n+1 


(1 +— ) 

n ' 


-00 < X < 00* 


2 

where a is the degrees of freedom as in the case of the x -distribution. 
Actually if X is distributed as H(0,l) and Y is distributed as x (n) then 
X 


fr 

n 


has a t distribution on ru-degrees of freedom. 


2 

As in the case of the normal and x -distribution, tables are 
available for the t -distribution for various values of n. 

We shall later on see the application of these distribution later on. 


Joint Distributions 


If we have more than one random variable under observation 
such as the temperature and pressure of certain gas; we speak of a 
joint distribution function. Dor Simplicity we discuss the case of 
continuous variables only. f(x^ ,x 2 ,.. .,Xp) is the density of a vector 
(X . , , . . ,X ), which when integrated, gives the probability of a set in the 

i p 

p-dimensional Euclidean space. For example, 

a a 

j ^2 — a 2 , f ** — a p-l ~ I ^ •** / ^ » • ** » x _) 

— OO 00 

An important example of joint distribution is the multivariate normal 
distribution N(u , t ); 

= ( 2ir )p/2 | X |l/2 6X5 < ~ 2 ^ ~ ^ ^ 1 

where y is a real vector (p x j) and if is a positive definite p x p matrix. 



- 1 Xj. p(x ± ) discrete case, 

provided the expressions exist. 

Expectation (or 1st moment) is synonymous with the centre of 
gravity of a system of forces and is a measure of location. 

b) Variance : Variance of a random variable x(Dx) is denoted by 

DX = E(X 2 ) - (EX) 2 

2 2 
- / x f(x) dx - (/ x f(x) dx) continuous case 

= £ x^ p(x^) - ££ x^ p(x^) discrete case 

provided the expressions exist. 

Variance is connected with the 2nd moment (Ex 2 ) and 1st moment. It 
measures the spread (dispersion) of a distribution. It may be mentioned 
here that p C x = 0 1 = i (*••• a d egenerate distribution) if and only if 
DX = 0. 

The square root (+ve) of variance is called the standard deviation,! 

In the normal distribution, EX = y and Dx = a 2 , y + 3 a covers 99?° 
of the probability distribution. 

c) Covariance : For two random variables X and Y, cov(x,Y) (covariance 

X,Y) is defined as 

cov (X,Y) = EXY - EX Ef. 

This measures the linear dependence of X and Y. Positive covariance means 
large (small) values of X are associated with large (small) values of Y 
whereas negative covariance means large (small) values of X are associated 
with small (large) values of Y. 

In a multivariate normal distribution the (i,j)th element of % is given by 
c-y - CO^XyX.) 

Eor a normal distribution, cov(Xj_,X.. ) =0 <— > X^, Xj are independent 
i.e. f(x^, Xj) = f(x^) ' the j oin;t density is the product of the indi- 

vidual densities. However this is not true in general. If X^,X.. have 0 
covariance, they are called uncorrelated. 



Statistical Intereace 


let us consider the following example. Certain power source 
supplies curre:i± whose voltage is normally distributed with variance 
25. One wcnld like to have the mean voltage equal to 220. The question 
that mgy be asked is : what is the mean voltage of the current supplied? 
Another question that may be asked is : Is the mean voltage equal to 
220 or not. The purpose and the method of answering the two questions 
are different, first one is a problem of estimation wherein, on the 
basis of ^repeated observations, one tries to guess (or estimate) the 
mean voltage. One triesto have an estimate which, on the average is 
equal to the true unknown voltage and has a least variance so that 
there is a high degree of precision. The second problem falls within 
the domain of Testing of Hypothesis, in which a hypothesis (statement) 
about the unknown mean is to be tested. The aim here is to minimize 


the probability of saying that the mean is 220 (hypothesis H Q ) when it 


is not so, while ensuring that 95$ (or 99$) of the times we accept the 

■ , ... , if- 

hypothesis H Q when it is true. The methods for tackling the two 



problems are different and we shall first treat the problem of testir® 
of hypothesis i$ its simplest form. 


Testing of hypothesis : The unknown parameter 0 is called the state 

of nature. A hypothesis is a statement about the state of nature. The 
hypothesis which one would not like to reject if it is true (except for 

■ • ■ - , : tj'f, ■ " . -.0 ■«,,,» ■ - ■ .. , 

a few, say 5 % or 1$ cases) is called the null hypothesis H . The 

"■ , ' '■ , - ■ , ■ ' ' I 1 

alternative is called H . 


31 .': 







of accepting H q -when. is true while ensuring that it is not rejected 
(when it is true) more than IOC .. % of the cases 


Ve shall give below 


some wen known tests 


Bejeot if |x 


is the same mean. 


Procedure : Reject H if S > x 


and X a (n) is the value for which F(X 0 (n)) = a for X distribution with 


3. X = H(0,o ) , both 6 , a unknown, 


Procedure : Reject H if 






Estimation 




b) Maximum likelihood Meth 
the method of least squares 


as the method goes, there is 


nothing statistical about it.. It is a purely mathematical technique 
to find, an estimate which would minimize the sum of errors. 

Suppose y = ax + b is a linear function of x. Ebr various pairs 
of observations (x i _,y i )(for given value x i of the x-variable, the 
corresponding y-value is y ± ) i = i,2,...,n, which do not all lie on 
a line due to raidam errors, one would like to get a line of best fit. 
For various values of a and b, one gets various lines. How does one 

£ p 

get the line of best fit? What one does is to set U = I (y - ax^-b) 

i-1 1 ^ 

and find a*, b* so as to minimize U. Thus 

If = 2 Kyj. - - b) (-*p - 0 


If - 2 -a^ - b)(-l) -0 


which gives b* = 


x 

n 



Ct~ r* mm mm 

T I x i = y - a* x. 


arJ d a * l 4 85 l Xi 7 ± - ** l x ± 


= l y± - (y - x) l ^ 



y = Ax + e . '■ 

nxi nxk kxl nxl 

where x is vector of unknown parameters 




a* = 


1 4 - ° y 


The general model is as follows 

*1 = a i1 *1 + a I2 x 2 + •” + e i 

I = 1,2, ... ,n. In matrix theory it can be written as 


2 

or E C ® ®'!“ ° I where V is a diag««u. 

The least squares estimate of x is one which minimizes 


^ *v)V A ~ A = ff 

3 C l- A ,C l »A jV l _(v l _a ,v) v - u i □ ,9 = 

(* V “• A) V J. ,(* v - iC)a •* 

9 II t .A ,V ,JV t _A ,V)V - U lH = 

9 L - A » v l _(V l _A »v)v ~ 9 = 

( 9 + x v) l _A ,V l _(v A I?)v - (a + xy)=xy~A moh 

s (x)f jo uoTqsioacbqg; 

o = (i - i)a: 

a + (x - x)y ss £ - ^ uaqj 
*x V = A q.el mojh 

V V 

t -(v t .A ,v) s . = 
i MM o = 

w 

,1 (,9 9)a M = £ ,(x - x) (X - x) Ja: « # « 

l „A jV (v A iV) = H 9JaqAi 

9 1 = 


X - 


(® + x v) [__A »V L JV A |V) = X - x MOJI % 


•X ss 


X V l _A jV jJV l# A ,V) = 

A a l— a it t JV ,?) = x f 

*x jo sotrBTJTBA pengtJQTipsil.oacix’j 
* 1-A t .(v t _A ,v) = | 






0 = (XV - £)■ A ,V 


lllitt 


:• -A-:* 


|§;igp| 


oq. noxqnlos atrj 


iliilliilllili 

■■'. : 3 ‘. , Vr’ 


# V - 2) a ,(± v - 2) = (x)p 



It can be easily shown that 


Since 


* 


l(x) = e' Be 

E J(x) = o 2 l b. . V. . 

‘ U li 

2 

= cr trace YB 

Y B = I Q - A(A< y^ a )" 1 A' y " 1 
Ej(x) = a 2 £n - tr a(a» v ” 1 a )” 1 A' y ” 1 “J 
= a 2 £n - tr (a* Y " 1 A )" 1 A' V " 1 Aj 
= a 2 tin. - tr ij 

= a 2 £ n - ltQ 

• 2 2 
*. an estimate S of o is given by 
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INTRODUCTION : 
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Through interconnection of Power Systems it is possible 
to provide customers' reliable power supply at economical tariff. 

But interconnection poses a considerable problem to operate 
(Load Despatcher) due to complexity of power network and the need 
for time critical control actions. Currently in our country 
Regional Load Despatch systems are functioning on an interim basis* 
These Regional Load Despatch Centres are responsible for 
coordination only as they are equipped only with Par Line Carrier 
Communication (PLCC) and Telephone equipment. In some load 
despatch centres limited telemetery facilities are also available. 
With doubling of installed generating capacity in another 4-5 
years. The functions of Despatch Centres shall increase considerably 
and an efficient Monitoring & Control System shall become and 
imperative need. 

2.' FUNCTIONS OF ENERGY CONTROL CENTRES: 

Energy Control Centres does following functions: 

1. Productive functions 

2. Real Time monitoring & control 

3. _ Network protection and local automation „ 

For the purpose of limiting '•our discussions currently 
I shall highlight only the function of Regional Centres as planned 
in India. 

Coordination of generation and operation of Regional Grid. 

- Coordination of maintenance schedules within the 
Regions 

Studies and guidelines for utilization of hydroreservoirs 

- Load Generation balance studies regarding inter-system 
and inter-regional exchanges 

- Security analysis for regional grid 

- Optimization of thermal and hydro-generation 

- Coordination for load constraints. 


I. 



II* Coordination of daily generation schedule 

III. - Regional Grid Control 

- Monitoring of grid status 

- Load frequency control. Security monitoring 

- Coordination on Real Time basis 

IV, Power System performance analysis and statistics 

- Data Collection, Analysis, Report generation for 
management 

3,; COMPONENTS OF ENERGY CONTROL CENTRES 

The objective of todays talk is to emphasise different 
sub-systems of energy*- Control centres. It can generally be divided 
into following sub-systems: 

1, ' Instrumentation 

2, Communications including Telemetery & Telecontrol 

4 3. Man-Machine Sub-system 

4,' Computer System 

3,1 I nstrumentation 

The role of instrumentation sub-system is to convert 
physical systems information to an suitable electrical 
signal. Following para-meters are of importance with 
reference to Energy Control Centre Operation: 

*» 

I,; Generation active - MW 
ii, 1 Generation reactive - MVAR 

iii. Tie line flows active — MW 

iv. Tie lliiecflows reactive — MVAR 

v. Bus Voltage 

vi. 1 Total Generation 

vii. Spinning reserve 
vtii, 1 Reservoir Levels 
ix»' Frequency 

x,' Selected Transformer Tap positions 

xi. Circuit breaker status 

xii. : Energy Transactions MWhr. 
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Earlier technology of moving coil/iron instruments 
is getting replaced by solid state static transducers. 
Following considerations are important for the choice of 
instrumentation. 

a. . Reliability 

b. Accuracy 

c. Linearity 

di Response time 

e. Overload capacity to withstand system faults 

f. Enviornmental •onsiderations 

g. Packaging. 


3. 2 Communication Sub-system 

Energy Control Centres are designed to have facility 
for voice communication, telemetery, telecontrol, 
teleprinting and data communication. The communication 
links can be established by means of following equipments. 

1. Power Line Carrier Communication (PLCC) 

2. Telephone channels (P&T Leased) 

3. Self owned Microware communications 

• % 

Depending on the size of system, reliability volume 
of data handled, speed of data transfer, tariff rate 
from P&T and organizational budget available. It is 
generally possible to get optimal •onmunications layout. 

'Telemetery' generally means remote measurements. The 
measurement of a parameter is done and measured values 
is displayed at the location and at the same time 
transmitted over the distance via a suitable m ammunic ati on 
media. Telemetery systems can be either analog or digital 
or combination of both. 
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Digital telemetery is generally used where a data 
logger and/or Computer is part of the system. Telemetery 
equipment consists of two parts: 

a. Telemetery Transmitter: It collects the data 
performs the required operation and transmits the 
information. • 

b. Telemetery Receive: It receives the transmitted 
inf ormation a nd processes it to receive the 
required information 

Currently coded cyclic telemeter scheme is generally 
adopted in Power systems enviornments. Such a telemetery 
system is specified by number of bits code and updating 
cycle. 

3.3 Man-Machine S ub~sy3tem (MMS) 

Historically man -machine communication has been 
achieved through voltmeters, ammeters MW meters and MWHr. 
meters. With considerable advancement in electronics 
technology it is possible to display trends, bar •harts/ 
line diagram etc on TV screen. Even colour screens are 
available for display of more than one information at the 
same time on tie screen. 

The MMS' subsystems allows load Despatcher to •all 
for and receive data stored in computer subsystem for 
display. It shall also allow entry of data by Load 
Despatcher into computer subsystem. MMS in association 
with other subsystems shall perform following functions.; 
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i. Display of Power Systems Status on a wall 

diagram by Damp indicaters or alternative scheme/ 
analog meters and digital read outs. 

ii. Audible and visual enunciation and alarm. 

iii. Manual data entry through keyboard 

iv. Data and event recordings 

v. Line diagram and alpha-numeric representation 
of power system condition on the display. 

For meeting the requirements layed out above 
following equipments are generally required. 

a. Despatcher Console assembly 

b. Display Generators 

c. ' Wall diagram 

d. Typewriters with necessary interface for example 

Tele Type Equipment (TTY). 

e. CRT display with hard copy printers-., 

f. Digital multi-plexers etc, 

3.4 Computer Subsystems 

For carrying out Load Despatch responsibility it 
is necessary to provide the despatcher suitable tools 
for decision making. As the despatch function is a 
real time operation, it is necessary that the computer 
system can offer adequate response time. At this 
juncture, to be worthwhile mentioned that the Digital 
Computers are generally used in ON LINE/REAL TIME MODE 
in power system enviornment. A third generation 
computers can generally suit the data acquisition needs 
of a typical regional load Despatch Centres. In addition 
to their real time control functions, these computers 
have provision of enough computing power so as to run 
studies of hypothetical and forecested condtions so as 
to assist the operater. Following configuration can 
generally suit the data acquisition needs of a typical 
Regional Load Despatch Centre:- 
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i. 

ii. 

iii. 

iv. 

v. 

vi. 

vii. 

viii.. 

ix. 

x, 

xi. : 

xii. 

xiii. 

xiv. 


Processor with approximately 600 ns addition ti^/word. 
Hardware Multiply/D e v id e 
Extended precision arithmatic 
32K — 64K words of memory 

- 16 bits or above/ word, and cycle time 1 microsecond 

Memory protect feature 
Interval timers 

Process Input/ Outout Interface including analog and 
digital 

30 to 60M byte of disk storage (preferably fixed head) 

Teletype ASR - 35 or KSR - 35 

Card Reader /_ 300 CPM 

Line Printer /_ 300 LPM 

Display 

Interfaces for Despatcher Console Communication 
subsystem and Displays etc; 

Driver for wall diagram etc. 


Besides the above hardware an extensive software 
support is also needed which shall be the topic of my 
next lecture. : 


Depending on the function to be performed and 
reliability of the system following computer configurations 
can be chosen. 
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4. COMPUTER CONFIGURATIONS 

4.1 Single Computer Conf iquration : 

For Centralized control, this configuration is 
simplest and least expensive.- But this has a 
limitation of percentage availability. To start 
with this configuration is sufficient when capability 
is being developed and Analog or Manual back-up is a 
part of system design. Ref. (Fig. 1) 

4.2 Dual Computer Configurations : 

Computer 1 & 2 are connected in back to back mode with 
facility for automatic switching the loads in case of 
failure of any systems. Computer 1 performs On Line/ 
Real Time functions primarily and computer 2 is used 
as stand-by. Alternately computer 2 can be used in 
off-line mode and switching of Real time functions can 
take place from computer 1 to computer 2 in case of 
failure of computer 1. In power systems environment 
there is large volume of communication handling and 
data acquisition loads, so as to avoid excessive 
loading of main frame computer, a •ommunication 
processor based computer configuration leaves 
sufficient scope for executing economy and security 
packages. Refer (Fig. 2 ) 

4 .;3 Hierarchical computer configuration . 

Computer 1 and 2 do the real time operations and 
computer 3 which is in general larger than Computers 
1 & 2 can be used for less i *iritical or for 
predictive functions and acting as a stand by for 
computers 1 & 2. Refer (Fig. 3) 
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4*4 Master-slave configuration 

In this model there is one master computer and the 
other computers are acting in a slave mode. Master 
computer system has the responsibility of 
coordinating all computer activities to meet the 
computer system requirements. In case of failure 
of master computer another computer tabes over 
as master to coordinate the required activities 
of the remaining computers.. This scheme is 
complex and requires extensive software support 
and computer time for coordination and hence is not 
very popular. Refer (Figure 4) 
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Abstract 

The recent developments of power system state estimation 
algorithms and their rapid implementation lor practical system 
monitoring functions warrants further studies (o improve their per- 
formance in the adverse real-time environment. A very important 
application of state estimation lies in the statistical analysis ot 
the resulting state estimate to enhance operator confidence and to 
produce sound acceptance criteria of results. In the case that in- 
advertent ’bad data* enters the algorithm, the detection and identi- 
fication of such enors is ol great importance, not only tor record 
keeping purposes ol the performance ot the instrumentation, but 
also (or the recognition of “hard failures” of particular data link 
chains. 

This paper presents the theoretical background ol least squares 
estimation theoiy with the primary objective of developing a statis- 
tical detection and identification algorithm. The implementation 
aspects are presented together with experimental results from 
simulation studies and experience in an on-line environment. 

Introduction 

The subject ol state estimation tor power systems has been 
welt-documented in the literature of the past recent years [1,2,3, 4,5) . 
The emphasis of such publications has been mainly concerned with 
the mathematical development of the power system models, simu- 
lation of the real time environment, and the philosophical aspeci 
of state estimation and measurement policies for implementation. 
Few references (2,6) have presented either rudimentary concepts of 
detection and identification or new approaches to the solution of 
the problem that require additional computational requirements 
burdening the real-time algorithm. This paper proposes to develop 
the least square estimator with the rigorous statistical properties 
necessary to detect and identify bad data a posteriori, that is, once 
a state estimate has been obtained. Also, the detection algorithm 
is shown to be useful m eliminating excessive computational re- 
quirements for on-line implementation based on the well-known 
statistical principle of hypothesis testing [7]. 

MATHEMATICAL BACKGROUND: LINEAR MODEL 
The Model 

Consider toe linear model of toe form: 
y»Ax*£ 

where 


y ~ (nx i) vector ol observations with different 
mean values, linear in the unknown parameters, 
and with unequal variances, all of which are 
uncor related in pairs. 

A«(nxk) matrix of known coefficients 
xs(kxi) vector of unknown parameters 
^s(nxi) vector of “error” random variables 

From the above postulated linear model, the first and second order 
central moments of the random variables « are specified to be of 
the form: 

Et*l"0 - — x ... 

E(«t)*^r tr V i a) 

V- diagonal matrix of toe model’s measurement 
variances. The diagonal property specifies 
that the measurements are uncorrelated in 
pairs. The scalar ^ is a scaling constant 
that plays a significant role in detection and 
identification 


Least Squares Estimation 

The sum of toe squares to be minimized is given by toe 
familiar expression: 

J(x>* (y-Ax)* V-l (y-Ax) (2) 

and the solution to the above minimization is given by toe ortho- 
gonality condition of the residual to toe model: 

A* V-l (y-Ax) =o (3) 

From equation (3) the best estimate of toe unknown parameters x is 

designated by x and given by toe following expression 

x r (At Vi A)' 1 rf V 1 y (4) 

The basic questions to be asked about x is what does it realty 
estimate. These same questions should atso be asked about y, 
that is, toe calculated values of the quantities that were measured. 

Expectation and Variance ot x 

Taking toe expected value of x, designated by E (ft we have, 
after rewriting (4): 

x- (A* V* 1 AT 1 A V 1 (Ax*«) (5) 

C E(ftsE (x ^ (A* V-Ur 1 ^ V**«> 

rx -yM.oix (61 


M*(A> V l AV' Al V» 

thus, the expected value o! x is x itself which is precisely what 
we are trying to estimate. This property of estimators »s catted 
unbiassedness. 
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of statistical test, called hypothesis testing, to determine the quat- < 

ity of results. 

Probability tests are made to test the validity of a hypothesis 
Ho, called the nuii hypothesis, against Hi, called the alternative 
hypothesis, in particular, tests will be made to determine if at a f 
given level of confidence Ho is rejected. when in fact it was tr •. j 
This is catted a type-! t.ror. 

Suppose a test is to be made on 

HO. a - <t\) 

against the alternative ' 


Tests on i 

From Eq. (?) it can be seen that x is linearly related to £. 
By Statement 4, Appendix, it can be said that x is normally distri- 
buted, N&fr*.?). The transformation 

ill (2S) 

"s - 

defines a unit normal variable. The quantity o x is unknown. An 
estimate of o x z,y Xl is given by the diagonal elements of the matrix. 
Of Eq. 9, 

Vx - $ 2 <*H- 


HK; o < aj, 

The probability of a type-1 error, when a has been estimated as & is 

P[£<k far ool =b (19) 

where k is chosen such that b is a small number, usually 0.005 
to 0.1. 

In general, the procedure is to recognize the probability dis- 
tribution to which 2, or some function /(#, belongs, to test the 
numerical value of 2, or of £(3), against a theoretical value deter- 
mined from the particular distribution. 


where an is a diagonal element of (At V*1 A)'l and s 2 is the esti- 
mate of rr2t As it has been shown that chi-square functions based 
upon s2 have (n-k) degrees of freedom, 

E(V X :] = E (s 2 «(i] ra x 2 (28) 


and 




(29) 


shows that 



Tests on J(i) 

The assumption has been made that residuals € were normal ly 
distributed random variables, N(0, oiV). The transformation 



produces a unit normal variable. By Statement 2, Appendix, 
tV-l,i- (21) 


Using the unit normal random variable defined in Eq. (26) and 
the chi-square defined by (30), the following Student t distribution 
is formed according to Statement 5, Appendix: 



The statistical test 

Ho: x = Xo 


is then chi-square. By Statement 3, Appendix, 

F. f J(x)/(,2) - m (22) 

where m is the degrees of freedom of the chi-square. However, 
using Eq. (16), 

m “ 75 F f J(8)l - « -k (23) 

An estimate of is s? as given by Eq. (17). Multiplying 
both sides ol (17) by (n-k)/,» ?, results in 

m s ? Jit (24) 

irt a 2 

which has been shown to be a chi-square function with n-k degrees 
of freedom. A test can now be made on: 


Hi: x /xo 

can be performed by testing 
Xo - 5 

sif^ < H b/2 (32) 

for a given probability b of a type - 1 error. 

Tests on $ 

The derivation and description of the tests on £ is very similar 
to that of St . From die model it is obvious that y is linearly related 
tox and «. normal random variables, making it also normal, in place 
of Eq. (27), the corresponding expression is 

V y » s2 fiu . (33) 


Ho: ol =i 
Hi: ol > 1 

by testing (n-k) s 2 /l, or J(x), against j( 2 n-k, b/2. If 

Jtf) n-k, b/2 (25) 

for a given probability b, then it can be said that the probability 
for a type-? error is b. In otter words, (1-b) percentage of times 
a correct conclusion of =1 will be made if (25) holds. However, 
if (24) does not hold, the null hypothesis must be rejected. 


where j3j] is a diagonal element of tV-Af/ll V-lA)*l# 3. The 
Student t function becomes: 



The statistical test 

Ho: y = yo 
Hi: y t y • 
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can be performed by testing 
} yo - y 


for a probability b of a 

Confidence Limits 

Confidence limits for x and y can be directly obtained from 
Eqs (31) and (34) respectively: 


x true 4‘s tn-k s b/2 

(36) 

y true - y i s /5 t n -k, b/2 

(37) 

for a (1-b) ievei of confidence. 


NON-LINEAR MODEL 


Let us now postulate the model of interest to be 


y « f(x) + < 

(38) 


To relate the two it is convenient to expand f(x) into a Taylor 
Series expansion giving 

y _ f$) - Fax + . (39) 


Assuming that equation (39) converges to the correct x, that is, for 
smalt measurement error, then we have at the solution a linear 
relationship. 

The analogy with the linear model can now be established by 
a term by term comparison and the statistical properties previously 
developed should follow assumming that the measurement errors 
are small enough so that the differential relationship of equation 
(39) holds tor the statistical analysis. 

DETECTION AND IDENTIFICATION 

Previous sections ave 'developed the statistical basis )r 
the detection and identification of gross measurement errors. When 
a state estimate is computed by the iterative solution of Eq. (4), 
the statistical test for J(iQ, described by Eq. (25), is performed to 
detect if there is any bad data present. The results of the state 
estimate are accepted unless this test fails, in which case the test 
on y, described by Eq. (35), is performed to identify the bad data 
point. In practice, the measurement that fails by the greatest 
margin is taken as the one in error and removed. The estimation 
algorithm is repeated, followed by another detection test. If bad 
data is again detected, the f test is repeated to identify a meas- 
urement in error. 

In all cases confidence limits on x and y are computed by 
use of Eqns. (36) and (37) respectively. 

The detection test has a further application in evaluating 
the validity of results in time. . If a J(f?) function is computed based 
on -new measurements y and a previous state estimate# , then a 
detection test will assess the current validity of x in view of the 
current y. . If Eq. (25) holds, there is no need to perform an esti- 
mation calculation, as the previous results are still valid. How- 
ever, if the test fails, the correct conclusion is that an estimation 
calculation should be carried out, and not that there is bad data 
present. 

For a detailed description of which quantities are measured, 
which are estimated and the general us:. duration and identi- 



tn-k,b/2 ( 35 ) 

t.. e - 1 error. 


fication in the AEP monitoring scheme, the reader is directed to 
the references provided. 


The value of for Eq. (24) is seen to be equal to 1 from 
Eq.(l), since the modelling of the measurement variances is assumed 
to be correct for no: al measurement errors and accounted for in 
the matrix V. It is interesting to note that introducing cr2 in Eq. (1) 
allows to estimate its value by using s2 and provides the basis 
for the hypothesis testing presented in this paper. 


NUMERICAL EXAMPLES 
* The AEP EHV System 

Numerous tests have been performed in simulation of bad 
data in the 48 bus, AEP, EHV system. One of these tests will be 
presented here. In the real-time environment, bad data has been 
detected and identified in a number of occasions while testing the 
performance of the data acquisition system. For example, incorrect 
current transformer ratio conversion factors where identified as 
bad data. 

Fig. [presents a portion of the EHV network connected to tine 
(1-2). A bad data was simulated on the bus 1 side of this line 
by reducing to o +jo a measurement of 515+j51 MVA. This is ex- 
pected to be a typical form of bad data. It is interesting to notice 
that the location of the bad data is not the place where the greatest 
residual occurs. A residual is the difference between measured and 
calculated flow, as it appears in the left hand side of Eqn. (39b at 
' the solution. The smearing effect of bad data appears to be common 
in all tests, thus making necessary the use of identification tech- 
niques. Fig. 1 shows that the greatest normalized residua), the 
left hand side of inequality (35), occurs at the bad data location. 
A probability b - 0.005 was used for these tests. The degrees of 
freedom, n-k, was 222. The corresponding t -2.57. Although it 
can be seen from Fig. 1 that more than one normalized residua! 
fails the hypothesis test of inequality (35), the location of the had 
data is identified as the worst normalized residual. 



• + 1» * IlCt MUM. 

<«*n> » rtOMOUtftO ftCSHHML 
X • BAD ftftl* LOCATION 
A • LAMC9T ftESMMML lOCATK* 
□ * UMttT NONNALI2CO 

NCIMUAC LOCATION 


Figure 1 * Propagation of Errors Duo to ffc# PrtiiM# of Surf Data 


4 


r *BLEi-LINE FLOWS FOR CASE WITH BAD DATA AS IN FIG. 1 


line From Line Flows Confidence Limits 


Bus 

Bus 

i 

MW 

Mvars 

MW 


Mvars 

i 

2 

65.0 

f.5 

■ 9.6 


9. 6 

2 

1 

-65.0 

-i3.7 

89.4 


go 4 

\ 

3 

201.1 

-5.4 

55.3 


5SJ 

3 

l 

-21 

30.0 

-21.9 

55.3 


5* 4 

i 

38 

-126.0 

-69.0 

34.1 


34 1 

38 

1 

126.0 

70.7 

34.3 


233 

T 

l 

4 

429.9 

- 7.5 

57 . 7 


fx 7 ”■ 

4 

2 

■428.2 

13.4 

57.8 


57J 

3 

4 

. 

20.4, 

•34.6 

33.4 


33 6 

4 

*> 


20.4 

-23.2 

32.9 


32.9 

3 

7 

- 

41.5 

19.9 

34.1 


34.0 

7 

3 


41.5 

-51.3 

36.4 


36 .6 

7 

14 

-144.3 

0.6 

46.8 


46.8 

14 

7 

145.0 

31.0 

47.2 


47.3 

14 

40 


63.9 

-128.1 

43.4 


44.2 

40 

14 


63.9 

129.9 

43.7 


43.6 

36 

39 

662.4 

-702.6 

156.0 


156.0 

39 

38 

-655.9 

-728.9 

158.0 


158.0 

38 

40 


■23.5 

-384.7 

74.3 


74.3 

40 

38 


23.5 

-196.2 

45.9 


48.0 

TABLE II 

LINE FLOWS 

ANO RESIDUALS 

FOR 

CASE 




WITH NO BAD 

DATA 



Line 

From 

Line Flows 

Confidence Limits 

Residuals 

Bus 

Bus 

MW 

Mvars 

MW 

Mvars 

MW 

Mvars 

1 

2 

514.8 

50.9 

0.03 

0.03 

0.01 

-0.00 

? 

1 

■512.8 

-35.9 

• 0.03 

0.03 

-0.01 

0.00 

1 

3 

237.3 

-0.1 

0.02 

0.02 

0.03 

0.00 

3 

1 

-235.8 

-22.4 

0.02 

0.02 

-0.03 

0.00 

i 

38 ■ 

-118.5 

-67.5 

0.01 

0.01 

0.01 

0.00 

38 

1 

118.5 

69.0 

0.01 

0.01 ■ 

■O.Ol 

-0.00 

2 

4 

383.7 

-13.3 

0.02 

0.02 

0.01 

-0.00 

4 

2 ■ 

■382.3 

15.7 

0.02 

0.02 

-0.01 

0.00 

3 

4 

30.9 

-31.2 

0.01 

0.01 

-0.01 

-0.00 

4 

3 

-30.8 

-25.8 

0.0 1 

0.01 

0.01 

0.00 

3 

7 

-50.5 

19.6 

0.01 

0.01 

0.01 

0.00 

7 

3 

50.6 

-50.7 

0.01 

0.01 

-0.01 

-0.00 

7 

14 • 

■155.5 

0.3 

0.02 

0.02 

-0.01 

-0.00 

14 

7 

156.3 

-29.5 

0.02 

G.02 

0.01 

0.00 

14 

40 

-67.6 

-128.9 

0.02 

0.02 

-0.00 

-0.01 

40 

14 

67.6 

130.7 

0.02 

0.02 

0.00 

0.01 

38 

39 

680,3 

-695.3 

0.07 

0.07 

0.09 

0.03 

39 

38 -673.4 

-725.5 

0.07 

0.07 

-0.09 

0.02 

38 

40 

U 

-380.3 

0.03 

0.03 

0.04 

0.00 

40 

38 

-1.0 

-200.2 

0.02 

0.02 

-0.04 

-0.00 


Table 1 presents line flows and confidence limits for the lines 
and case of Fig. 1. It is interesting to notice that at the had data 
location, on tine (1-2), the confidence limits on the flows are con- 
siderably smaller than at all other measurement locations. This 
implies that the bad data has been located accurately. Other line 
Hows are off doe to the presence of bad data. However, the large 
confidence limits probably enclose the true values. This can be 
seen from Table It when the flows and confidence limits are pre- 
sented for the case with no bad data. The confidence limits are 
■w to be smalt enough that line flows listed to one decimal place 
be taken as true values. Take for example tine (2-4), Table i 
shows that the flow rn Ihe presence of bad data is between 372.2- 
j55.2 and 487.6 +j50.2while the true flow is seen from Table II, to 
be 383.7-jl3.3, which is between the two limits. Measurement 
error was not simulated in either case to focus attention only on 
the bad data. 


TABLE Hi-YOLTAGES FOR CASE WITH BAD DATA AS IN FIG. 1 



Yoilaiss 

Confidence Limits 

Number 

Mag 

Angie 

In V Real - (nag 

I 

1.020 

0.0 


9 

4* 

1.019 

0.336 

0.284 

i 

i m 

-3.417 

0.765 

4 

1.015 

-2.837 

0.606 

7 

1.002 

-2.610 

0.775 

14 

1.001 

0.406 

0.698 

38 

1.000 

0.583 

0.278 


0.381 

-12.201 

1.346 

40 

1.012 

0.711 

0.618 


TABLE IV 

• VOLTAGES 

FOR CASE WITH 

NO BAD OATA 


Voltaire 

Confidence Limits 

Number 

Mil 

Angle 

In V Reel - Imag 

1 

1.020 

0.0 


2 

1.012 

-2.691 

0.000 

3 

1.010 

-4.038 

0.000 

4 

1.010 

-4.954 

0.000 

7 

1.060 

-3.064 

0.000 

14 

1.000 

0.190 

0.000 

38 

1.000 

0.549 

0.000 

39 

0.980 

-12.604 

0.001 

40 

0.011 

0.514 

0.000 

Tables III and IV present results of the x 

variables, toe volt- 

• • _ M w ^ # 


ages. The actual x variables are the real and imaginary parts ot 
the complex voltages and thus the confidence limits calculated 
are for these quantities. These limits define a square area about 
the tip of the voltage phasor. If confidence limits were quoted for 
magnitude and angle they would define a curvilinear area, different 
from the correct square area. The percent basis for the confidence 
limit values are the rectangular voltages, themselves in percent. 

The example described presented practical results of the 
identification theory presented earlier in the paper. As far as the 
detection test is concerned, the chi-square value for 222 degrees 
ot freedom and probability level b r 0.005 is 279. The left hand 
side ot inequality (25) was found fo be 3640 for toe case with bad 
data presented in Fig. 1, and 0.0006 for the corresponding case 
with no bad data. 

The Radial Line 

A special study was made to test the identification theory 
far the case of a radial line. There was concern that toe redun- 
dancy available in the rest of a system was of no help for identi- 
fying measurement errors in a radial line. In addition, there was 
ihe further concern that the redundancy within a radial line might 
not he sufficient for proper identification. 

A case was set up consisting of a system with a single line. 
Such a system had four flow measurements of MW and Mvar at both 
ends and two state variables consisting of the complex voltage at 
one end. The complex voltage at the other end was taken as refer- 
ence. Cases were run in which a MW flow was given bad data val- 
ues between -.20 and -20 p.u., the true value being 2.3733. An- 
other set of cases were run setting a Mvar flow between the same 
limits, the true value being -0.0004. Results of these cases are 
presented in Fig. 2. The top graph contains two curves, one being 
the values of J(x)/n-kfor detection, and the other showing the iden- 
tification levels tor a MW flow, a “1" being correct identification 
and a "o” being an incorrect one. The X 2 value for detection at 
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b • 0.005 is 10.6, a number clearly exceeded af all bad data points. 
Correct identification occurs at all bad data values, except when 
the bad data was the negative of the correct measurement. A 
closer study of the estimator equations revealed that a cosine of 
the phase angle appears in the MW equation making that bad mea- 
surement indistinguishable from the true one. Means of adding 
more redundancy for proper identification were found, but in prac- 
tice this condition which occurs only on a radial line was consid- 
ered so remote that it did not merit the additional complexity. 

The lower curve of Fig. 2 show results for cases with a bad 
Mvar flow. The detection curve is similar to the one on the top 
graph and has not been repeated. Identification was again success- 
ful, except around the true value, as would be expected. At these 
values no identification tests would have been made in practice, 
since no bad data had been detected. 


CONCLUSIONS 

This paper has presented the statistical theory required for 
detection and identification of gross measurement errors in the 
state estimation of power systems. Ths pertinent statistical hypo- 
thesis tests that are used in the AEP real time monitoring project 
are described in detail. This scheme has been extensively tested 
in many simulation studies and has already proven valuable in 
detecting and identifying bad data in real time tests. 

A further conclusion of this paper is that it has presented hie 
statistical basis for feast square state estimation of linear systems 
land of non linear ones that can be considered as a convergent 
series of linearized problems, such as is the case of a power system. 


APPENDIX 

Statistical Statement* 

1. The Central Limit theorem states that if an error term such as 
f is a sum of errors from several sources, then no matter what 
the probability distribution of the separate errors may be, their 
sum t will have a distribution that will tend more and more to 
the normal distribution as the number of components increases. 

2. The sum of squares of unit normal, N(0,1), random variables, 
denoted byx2has a chi-square distribution with m degrees of 
freedom (see m statement 3). 

3. The expected value of a chi-square landom variable with m 
degrees of freedom ism: 

E 0& 

4. A random variable equal to a linear combination of normal ran- 
dom variables is in itself normally distributed. 

5. tf u and v are independent random variables having the normal 
distribution N(0,1) and the chi-square distribution with m de- 
grees of freedom respectively, then die random variable 


u 



has the Student I distribution with m degrees of freedom. 

& 
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Planning for Energy Control Centers in' India 
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1 . Introduction 

Five regional power grids are being planned 
in India to be operational by the end of this 
decade and eventually a national grid is envisag- 
ed. The regional grids and their control centers 


are: 

Grid 

Control Center 

(D 

Northern 

(NREB) 

New Delhi 

(2) 

Western 

(WREB) 

Bombay 

(3) 

Southern 

(SREB) 

Bangalore 

(4) 

Eastern 

(EREB) 

Calcutta 

(6) 

North-Eastern 

(NEREB) 

Shillong 


The installed capacity which is presently 
around 20,000 MW is expected to go up to 
50,000 MW In the early 1980's. The regional 
gride will be interconnected among themselves 
by 400, 220 and 132 kV links resulting in the 
beginnings of a truly national power grid. Re- 
ferences (1), (2) 9- (3) give some conceptual 
details about these grids. The advantages of a 
strong interconnected power system or grid 
are: 

(1) Lesser installed capacity to meet the 
same peak demand. 

(2) Improved security of supply under 
emergency conditions. 

(3) Smaller reserve capacity. 


(4) Ability to instai larger unit si2«s 
leading to savings in investment per 
MW installed. 

The control and despatch of huge amounts 
of power in these regional grids will call for 
well planned Load Despatch Centers or Energy 
Control Centers, Some of the Regional Energy 
Control Centers (RECC) have already started 
functioning in a modest manner with voice 
communication links between the RECC and 
the State Load Despatch Center*. SREB, 
where the country's first Regional Power Grid 
will become a reality in terms of on-line monitor- 
ing and control, has started monitoring inter- 
state tie lines and generators which are on 
LFC. The State Load Despatch Centers are 
functioning with some basic telephonic com- 
munication facilities between them and the 
generating atations with display of system fre- 
quency, etc. However, we have yet to go a 
long way in terms of having true Energy Con- 
trol Centers performing automatically the com- 
plex functions of monitoring the status of the 
grid, controf of voltage and frequency, automa- 
tic generation control, tie-line control, etc. There 
are a number of countries where control centers 
which are highly automated are in operation 
and has resulted in secure and reliable supply 
of electric power. The benefits accruing from 
such operation has justified the heavy invest- 
ment in terms of economic pay-off. in India 
the only center which performs automatically 
the control of frequency and generation is the 
Load Despatch Center of Tata Electric Co., at 
Trombay( 4 ). It is the purpose of this paper 
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to examine the functions and design of energy 
control centers and to see how we can plan our 
own centers consistent with our own needs 
and goal of self-reliance. As in other areas of 
technology one has to be selective in adapting 
current practices abroad to our own needs. 

2. Functions of a Modern ECC 

References (5), (6) & (7) give representative 
information about the current state-of-the-art 
regarding Energy Control Centers, The paper 
by DyUacco(*) is fundamental in the sense 
that besides giving details of 40 Energy Control 
Centers alj over the World, it contains a biblio- 
graphy of 75 papers from 1965-1975. It is a 
must reading for those who are planning the 
design of Energy Control Centers. 

Basically the functions of an Energy Control 
Center (ECC) are related to the problems of 
operation. A modern ECC consists of multi- 
processing, dual computer configurated systems, 
external interfaces with thousands of pieces of 
data being monitored and displayed on demand, 
color CRT's with graphics, dynamic wall dis- 
play, carefully designed operator consoles to 
enhance man-machine interaction, etc. There 
are about 40 Energy Control Centers in opera- 
tion or in construction throughout the world 
using recent concepts in computer control. 
They vary from each other in the degree of 
sophistication, number of Security functions 
performed, type of monitoring, display, etc. 

Basic Security Control Concepts (*) 

A power system is subjected to two sets of 
constraints: 

(a) Load constraints : (Load flow equa- 
tions), 

(b) Operating constraints : (Max. or min, 
operating limits on system variables 
such at on voltage, gen. reel and 
reactive power, tap ratios, phase angle 
differences, etc.) 

Conceptually the power system operates 
in one of the three states: (1) Normal; (2) 
Emergency; (3) Restorative (Figure 1). 

A system is in normal state when load and 
operating constraints are met, A system is in 
emergency state when operating constraints 
are not completely satisfied. A system is in the 
restorative state when toad constraints are not 
completely satisfied. 

A further classification of the normal state 
into secure or insecure (also alert) is dona with 



FIGURE 1 : System State* 


reference to an arbitrary set of disturbances or 
next contingencies. A normal system is said to 
be secure, i.e., at a secure operating point if it 
can undergo any contingency in the next con- 
tingency set without getting into an emergency 
condition. On the other hand if there is at least 
one contingency in the next contingency set 
which would bring about an emergency, the 
normal system would be called insecure . 

The concept of three operating states simpli- 
fies the operating problem into three operating 
sub-problems with different control objectives. 
Of primary interest and of major impact on the 
design of system control centers is the control 
done in the normal state. The existing control 
centers ere mostly concerned with implementing 
control objectives for the normal state. Incor- 
poration of emergency and restorative control 
policies are still left to human judgement and 
experience. 

Modern ECCs are characterised by( s ) 


(1) Hierarchical structure of computer 
systems 

(2) Dual real-time computers with shared 
extra memory and peripherals 

(3) High-speed digital telemetry and data- 
acquisition equipment 

(4) System-wise instrumentation of electri- 
cal quantities and device status , 

(5) Color CRTs with graphics for inter- 
active display 

(6) Dynamic wall board group display. 
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The security control functions are{ & ) : 

(1) Automatic generation control (Load 
Frequency Control) 

(2) Economic Load Despatch 

(3) Security monitoring 

(4) State estimation 

(5) On-line load flow 

(6) Steady-state security analysis 

(7) Optimum power flow 

(8) Automatic voltage (var) control 

(9) Supervisory control (breakers, capa- 
citors, transformer taps, generating 
unit start-up and shutdown) 

(10) Automatic system trouble analysis 

(11) On-line short-circuit calculation 

(12) Emergency control — ■ automatic load 
shedding, generator shedding, line 
tripping 

(13) ' Automatic circuit restoration. 

There are very few centers, in fact none, 
where all these 13 functions are performed. 
Each ECC differs from the other In the number 
of functions and the frequency with which they 
are performed. However, the first three func- 
tions are performed in most of the Energy 
Control Centers and functions 4-6 are in 
different stages of implementation. We shall 
briefly review the first 3 functions. 

Automatic Generation Control 

This is the only closed-loop control being 
implemented at majority of the ECC's. Some 
companies are still using analog systems. For 
example EDF in France/the Laufenberg Center 
in Switzerland and RWE in West Germany 
are using analog AGC's. In the U.Sk the trend 
is towards digital AGC's. Taking a long-term 
view it seems inevitable that digital LFC will 
eventually replace the analog ■■ LFC. Digital 
LFC has leas frequent pulsating of units as 
compared to analog LFC. Those who have 
digital AGC's have the analog, AGC's as back 
up. The sampling time varies from 1 to 4 
seconds. Most control centers send, raise or 
lower signals or MW deviations to generating 
units. A few send desired MW , outputs to 
units ‘directly. Sometimes these signals are 
sent to computers installed at the plant and 
these computers in turn allocate generation to 
units under its control. 


Economic Load Despatch Calculations (ELD) 

Almost all the ECC's use the B constants 
using the co-ordination equations originally 
due to Kirchmayer. ELD calculations are per-, 
formed at intervals of few minutes. Only at 
Cleveland Electric Illuminating Company (CEI), 
they use the optimum power flow method for 
on-line penalty factor calculations. 

Status Monitoring ( SM ) and Display 

Status Monitoring consists in identifying the 
actual operating condition of the power system. 
Introduction of SM makes a major departure 
from traditional to modern ECC. SM requires 
a system wide instrumentation. The cost of 
instrumentation and telemetry is rather much 
larger than a computer system. The types of 
measurements included) : 

(1) MW and MVAR flows 

(2) Branch currents 

(3) Bus voltages 

(4) Bus MW & MVAR injection 

(5) Frequencies 

(6) Energy readings 

(7) Circuit breaker* status or operation 
counts' 

(8) Manual switch positions 

(9) Protective relaying operations 

(10) Transformer tap positions 

(11) Status & alarms at important sub- 
stations. 

The SM functions, in general, check the 
measured values against limits to determine 
whether the system is close to or at. an emer- 
gency state. The limit-checking also allows 
some kind of data validation and the rejection 
of incongruous data. SM is done every few 
seconds. The display of SM information is 
done thro' CRT’s or dynamic wall display. 

A typical set( 8 ) of suggested functions 
which can be performed at the S/S level. State 
and Regional Level are given in Table I. Table 
II gives a summary of displays and I/O Devices 
having application in an Electric Utility. A 
high level of automation is called for to imple- 
ment these functions and consequently one 
cannot foresee the evolution of such systems in 
the Indian Power Grids in the immediate future. 
However, they provide a basis on which pro- 
gressive use of computer control can be 
effected. 


168 


TABLE l-A 
Substation Lavs). 


Functions 

Hard-Wired Logic or Computer Applications 

System State — 
Development Step* 

Data Collection and 

Gather and log primary data 

S-MD 

Logging 

Limit-check and alarm 

S-MD 


Accumulate failure statistics 

E-CS 


Post-disturbance snapshot 

R-MD 


Sequence of events recording 

E-MD 

Apparatus Monitoring 

Monitor and alarm key apparatus variables such as 
transformer temperature, circuit breaker air pressure 

S-MD 

Evaluation of Designated 

Evaluate effect of local outages 

N-CE 

System Conditions 

Monitor availability of present status of substation 

N-CE 

Switching Operations 

Sequence monitor and alarm 

S-MD 

, 

Carry out complex switching sequences at 

S-AC 


operator request 


Normal Relaying ' 

Back-up relaying 

E-AC 


Check relay settings 

S-MD 


Modify relay settings 

N-CS 


Sequence monitor and alarm 

E-MD 

Load Shedding 

Change pattern to distribute risk among customers 

N-AC 


•NOTE : Refer to Figure 1. The system states are indicated by : 

N Normal 1 

A Alert 
E Emergency 
R Restorative 
S All states. 

The development steps are indicated by : 

MD Monitor and Display 
CE Contingency Evaluation 
CS Corrective Strategy 
AC Automatic Control. 


3. Features of a Modern ECC & a Typical 

Example( 3 * * * 7 ) 

The features of a modern Energy Control 
Center will be explained in the context of a 
recently commissioned ( 7 ) (1975) OACS (Data 
Acquisition & Computer System) of Ontario 
Hydro. 

Ontario Hydro serves an area of 2,50,000 
square miles with an installed generation of 
18,500 MW (Peak Winter Demand 14,000 MW), 
It is made up of 14,000 miles of transmission 
network (115 kV and over), 202 transformer 
and switching stations and 77 generating sta- 
tions. The hydraulic generating station, most 
transformer stations and major switching stations 
are remotely controlled. The DACS performs 
the dual functions of : (i) system generation 
control, and (ii) supervisory control of trans- 
mission and switching stations. It consists of 
the following main subsystems hardware wise: 

(1) The Data Acquisition System 


(2) Computer Subsystem 

(3) The Man/Machine Subsystem. 

Data Acquisition Subsystem 

It consists of a master station located at the 
control centre with Remote Terminal Units (RTU) 
located throughout the power systems and the 
microwave communications network. In a few 
instances power line carrier is used. The system 
can accommodate 200 RTU's with an average 
of 20 analog data points, 50 discrete input 
points and 20 control output points per RTU. 

Computer System 

Two UNIVAC model 1106 processors con- 
nected in back to back mode sharing a 262 K 
words of main memory and 180 M words of 
disk form the heart of computer system part. 
These UNIVAC computers are further connected 
to three Data General NOVA 1,200 mini-com- 
puters (each equipped with 34 K 16 bit words 
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TABLE l-B 
[State/ Level, 


Functions Computer Applications System State — 

Development Step 


Data Collection and Prepare hourly and daily logs from data transmitted 

Logging from substations S-MD 

Display summary of recently changed conditions S-MD 

Display summary of off-nominal conditions AER-MD 

Indicate current status of division on wall map S-MD 

Indicate current substation status on CRT AER-MD 

Combine sequence of events indications from sub- 
stations on a common time base E-MD 

Maintenance Provide computer programs to conduct contingency 

Scheduling evaluation for projected conditions on transmission 

system NA-CE 

Evaluation of Designated Conduct automatic contingency checks on current 
System Conditions system Conditions N-CE 

Compute distribution factors to be used for contin- 


gency checks at substations end in the division center N-CE 
Provide for manual check of effect of removing or 
adding facilities. Monitor availability of present status 
of division using av ail ab il it y <4 substations as a base NAR-CE 

Switching Operations Call upon stored sequences of switching operations ; 

to accomplish desired function. Pre-analyse sequence 
prior to initiating to insure against undesirable conse- 
quences S-CS, AC 

Assist operators in establishing desired switching se- 
quences by providing loed-flow and short-circUit 



programs 

Maintain records of all clearances 

S-MD 

Circuit Protection 

Maintain data on present relay settings 

Change relay settings. 

S-MD 


and hardware multiply divide). The UNIVAC 
interconnection has a fail over facility, so that 
essential computing functions sire transferred 
from bad system to normal system, NOVA 1 
and 2 are connected on-line while 3rd NOVA 
system is kept in standby mods to either of 
ON-UNE NOVA computers. 

Men! Machine Subsystem 

There is 3 m x 9 m (10 ft x 30 ft) dynamic 
wall display, operating consoles with colored 
CRT display, 2 hard copy printers for reproduc- 
tion of CRT images, five data loggers, two high 
speed printers. 

Application Programs 

Security application programs have been 
developed by an inhouse team in association 
with a consulting house. These programs 
find if security limits are being violated and if 


so to inform the operator with information he 
can use to remove or avoid violation. THt data 
base of the current operating state la provided 
by a state estimation program. These data are 
analysed by Real Time Monitoring Program 
which : (a) checks for overload of tha apparatus 
in the base case state, (b) does contingency 
evolution and makes a staady state Security 
Analysis, and (a) computes reserve generation 
requirements. 

The other type bf Real Tima Control Program 
is used for Automatic Generation Control. This 
program accepts the interconnection trans- 
action schsdulss, present generation levels, etc* 
and generates the required generation adjust- 
ment signals using traditional load fraquenoy 
control techniques. Economic Dispatch is In- 
corporated using base point snd participation 
factors. 

Thare are other programs such as Predictive 


170 


TABLE l-C 
Regional Level* 


Functions 

Computer Applications 

System Stet * — 


Development Step 

Data Collection and 

Prepare hourly and daily logs from telemetered kWhr 


Logging 

data. Maintain tables of current system conditions 

S-MD 


Alarm out-of-limit conditions 

Combine sequence-ot -events indications from divi- 

AR-MD 


sic ms on a common time base 

E-MD 

Load Forecasting 

Provide hourly forecasts of loads a day in advance 
Provide short-range forecasts to next peak load 

N-CE 


period 

N-CE 

Unit Commitment 

Develop unit commitment schedule for next 24 hours 



which minimizes cost and meets security constraints 

N-CS 

Maintenance Scheduling 

Develop schedule of maintenance on generators for the 
next year 

Provide analysis programs such as load flow, stability 

N-CS 


and short-circuit to enable proposed maintenance 
outages to be evaluated 

NA-CE 

Evaluation of Designated 

Conduct automatic checks of contingencies at frequent 


System Conditions 

intervals 

N-CE 


Provide for manual check of affect of removing or 
adding facilities 

Compute distribution factors for current system con- 

NAR-CE 


ditions 

N-CE 

Load Frequency Control 

Direct digital control of generation 

N-AC 

Economic Dispatch and 

Economic dispatch of generation which meets cons- 


Energy Interchange 

traints of line loading 

Evaluate cost and security of proposed energy inter- 

N-CS 


change with neighbours 

N-CE 


Develop emergency interchange schedules 

AER- 

System Voltage Control 

Develop schedule of generator and substation voltages 



which minimizes fuel cost and meets security 
constraints 

N-CS 


TABLE II 

Regional Laval. 

Functions 

Computer Applications 

System State — 


Development Step 

Role as Communication 

Provide for inter-regional exchange of pertinent infor- 


Center 

mation on current and future equipment status 

N-CE 

Daily and Weekly Gene- 

Evaluate expected loading conditions for line overloads 


ration and Load Forecasts 

or for critical stability problems 

N-CE 

Reserve Analysis 

Compute reserve levels 

N-CE 


Evaluate capability of network to provide reserves to 



affected areas 

N-CE 

Co-ordination between 

Advice state centers on contingencies which might be 


Planning and 

/ critical in next several weeks or months on the basis 


Operation 

of regional evaluation. 

N-CE 
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Security Assessment Programs (1-24 hr in 
advance) based on forecasts and schedules of 
system load, configuration, generation avail- 
ability and interconnection transaction. Manage- 
ment reporting programs are also included. 

4. Status of Energy Control Centers in 

India 

Trombay Load Lespatch Center (*),(*) 

In India, the only Energy Control Center in 
the real sense of the term, i.e., real-time opera- 
tions done in an automatic mods, is in operation 
at Trombay by the Tata Electric Co. This 

was started as a pilot project in 1968 and 
completed in 1 970 to develop indigenous 
know-how in the area of digital control 

of power systems. The functions incorpo- 
rated are limited to data monitoring, load 
frequency control and economic despatch. 
The Tata System is interconnected with the 
Maharashtra State Electricity Board. It has 4 
Hydro and 2 Steam Power Stations. MW, 
MVAR and voltage readings at the generating 
stations and key substations are monitored and 
displayed as metered readings in the load des- 
patched office. There is a mimic display of 
the system diagram with analog instrumenta- 
tion and data loggers, alarms, etc. The com- 
puter has 16 K word memory. The tangible 
benefits accrued have been estimated to be 
Rs. 10.00 lakhs per annum. 

Operating Experience of Trombay Load Des- 
patching Center 

(1 ) During the first year of operation com- 
puter availability was 98.2 percent while 
the CPU availability was 99.5 percent. 

(2) Power interchange levels both in de- 
mand and energy have been maintained 
close to scheduled value for most of 
the time. 

(3) An improvement in overall transmission 
efficiency from 93.3 percent to 94.4 
percent was observed due to ELD. 

(4) The pay-off period for the computer 
cost has been estimated as 4-5 years. 

Southern Load Despatching Center ( 3 ) 

The SREB Energy Control Center is expected 
to be in operation in an year's time. The entire 
SREB consisting of the States of Andhra Pradesh, 
Tamil Nadu, Karnataka, Kerala and Pondicherry 
is expected to function as a single control 
area. 


The analog LFC equipment being procured 
operates on the principle of flat frequency con- 
trol within the region and tie-line bias control 
with the neighbouring regions. The algebraic 
sum of the power on the tie lines with other 
regions, viz., WREB & EREB is summed and 
compared with a reference value. It is added 
to K times the frequency deviation to form the 
Area Control Error iACE). K is the frequency 
Lias setting for the area. Depending upon the 
regulating power available in the constituent 
states, this ACE signai is distributed to the power 
stations in the different States through the State 
Load Despatch Stations. 

5. Planning of ECC in India 

In India three types of power grids ere 
envisaged : 

(1 ) State grid 

(2) Regional grid 

(3) National grid. 

We are at a point of development when the 
state grids are a reality but with poorly equipped 
energy control centres. Most of the State- level 
Energy Control Centers (SECC) have at best a 
static mimic diagram, a digital frequency meter 
and telephonic communication with important 
generating stations and substations. 

The Regional Grids have been defined with 
respect to their geographical boundaries and 
also the locations of Regional Energy Control 
Centres (RECC) have been identifed as mentioned 
in Section I. Some of the RECC's have started 
operating having telephonic communication with 
SECC's. We have seen in the previous section 
that SREB with its LFC control function will be 
operating soon. Some of the States have or are 
already in the process of acquiring analog LFC 
control systems. The task of planning and im- 
plementing Energy Control Center equipped with 
digital computers for the Regional Grids m 
India is yet to start. Considering the experience 
of other countries it takes anywhere from 5-7 
years from the initial concept stage. In the 
meanwhile we can gain useful experience with 
the existing LFC systems. By the time computer 
based ECC's come up, the analog LFC*s can serve 
as back up. We have seen in Sections II and 
III the high degree of system monitoring/display 
and control that is possible with modem digital 
computers, data acquisition and display equip- 
ment. Immediate commissioning of these LFC 
systems and the modelling of the grid so es to 
obtain optimum settings is necessary. This is 
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not inconsistent with the control functions 
being ultimately vested in the RECC. The fre- 
quency bias settings of the state grids can always 
be set to fiat frequency control as and when 
desired. 

To plan an ECC around a digital computer 
requires vast ament of preparation as well as 
trained man power. The cost of digital com- 
puter as well as the instrumentation need for se- 
curity monitoring coupled with telecommuni- 
cation facilities can be quite prohibitive. How- 
ever, experience dictates that if properly imple- 
mented it can result in tangible benefits and the 
pay-off period can be as small as 3 years. 

Since the computer industry is reaching a 
high level of sophistication in India, it would 
be worthwhile for one of the RECC' or SECC to 
do data acquisition and display of key quantities 
within the system so that the operator has 
available an on-line status of the system( 6 * * * 10 ). 
By forming a consortium of various agencies who 
have experience in digital . hardware, software, 
Power System Analysis, telecommunication and 
instrumentation field, this limited task for one 
of the RECC's or SECC's can be accomplished 
in 2-3 years. Once this project is implemented, 
it will give a national know-how for more ad- 
vanced work in this area. For some years to 
come we should limit ourselves to the three 
basic security control functions, viz., LFC, 
ELD and security monitoring. 

Another critical area requiring attention is 
that of trained man power in our power industry. 
For this there is no other solution except for the 
l.l.T's and I.I.Sc. to involve themselves in a 
major way in the Electricity Boards of their region 
to develop in-house know-how. Two centers 
may be identified to give continuing education 
courses for industry and develop software for 
use by Electricity Boards. 

6. Conclusions 

In this paper an attempt has been made to 

review the functions and design of Energy 

Control Centers. While we may not aim for 

the high degree of computer oriented sophisti- 


cation, we must nevertheless quickly move to 
perform functions of AGC, ELD and SM. 
Accordingly, it is recommended that a national 
task- force be set up to draw up specifications 
for Energy Control Centers and implement a 
data acquisition system based on indigenous 
know-how for a RECC or SECC. Other func- 
tions of AGC and i.LD can be progressively 
added. Also immediate steps to generate trained 
man power must bo taken. 
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B STRICT 

A fist approximate method la presented for soiv- 
ng the ac power flow problem for line and generator 
ut ages. The method la significantly more accurate 
Kan any linear approximation and significantly faster 
Kan the Newton- Raphson method for an Approximate 
©lufcion. The method has applications in system plan- 
ing and operations where approximate ac power flow 
olufciorw are Acceptable. The method is applicable to 
ysUsm planning for rapid location of design criteria 
lolatlons and it ia particularly well adapted for 
y s tern epe rat ion use as an on-line security monitor* 
fficiency -is achieved through decoupling of real and 
eacfcive power equations, sparse matrix methods, an 
xperimentaliy determined iteration scheme and the use. 
f the matrix inversion lemma to simulate the effect 
f branch outages. 




Tho power flow program Is lndlspansible for the 
naly sis o£ ac power systems* Although improved solu- 
ion methods 1 * 2 ^ and faster computers have extended 
ts capabilities, this gain haa been largely offset by 
Ke increased number and site of studies that must be 
arte. For cany planning end operations applications* 
a exact: ac power flow solution with a detailed output 
® not mceasnry. For these applications it is much 
ore efficient to use a fast approximate solution 
athod and to limit the output to include only the most 
asetatlal information. 


a result of a cooperative research contract between the 
Bonneville Power Administration and Systems Control, Inc. 


NOTATION 

The general quantities used are defined as follows: 

Pjc 4 ' J * complex power Injection into node k 

Y- « Gv 4 j B. * complex elements of the nodal 
108 ta 500 admittance me,rix 


« the voltage magnitude of node k to datum 

0^ • the voltage phase angle of node k to reference 

Other symbols are defined as they are introduced. 
Matrices, and vectors are enclosed in brackets, e.g., 

[V]. Complex quantities are indicated by a superbar, 
e.g., V. Complex conjugate is indicated by an asterisk, 
e.g. , V*. The summation notation mffL means m runs 
over the set of nodes of class ft adjacent to node k. 

The term contlp&ent outage is used to define a 
single branch or generator outage for which a solution 
is to be simulated. The term solution cycle is used to 
describe the solutions for a complete set of contingent 
outages. 

mm m j m imm mjmmiMmB 

Solution Requirement 


This paper describes an approximate <fc power flow 
olution method, the Iterative Linear Power Flow (ILPF), 
hat is particularly well suited for the steady- state 
aalyaim ol both the real and reactive effects of a 
erlea of contingent line and/or generator outages. Un- 
ike other approximate methods which are based on 
trictly linear models*, the ILPF gives a good appro- 
Ima.tion of the non-linearities of the power flow 
quarterns and, therefore, la significantly more accu- 
mte. Also, unlike some other approximate methods. It 
nctartem reactive as well as real power and it does 
©t depend on the precalculation and storage of linear 
Attribution factors. The ILPF is fast, sufficiently 
ecu rate for the Intended applications and does not re* 
uire excessive computer memory. It is a composite 
nd extension of methods used in other applications 2 *^ 
a 2 , bur their combination and use for outage simula- 
ion present* new problems. The ILPF can be used to 
mpldly Identify from a large set of outages those 
bich cause violations of specific criteria. The 
ethod also gives a very good approximation of the # 
agnltude of the violations. For system planning the 
LFF cast be ased to identify the problems that exist 
fc the next Level of contingent outage* As a complement 
© a standard ac power flow program, the ILPF can be 
eed to scan a large set of problems to determine those 
hat require exact solutions and detailed outputs. For 
yatem operations, the ILPF can be used for assessment 
f security either off-line, as in the planning appli- 
ation, or on-line as part of an automatic security 
onifcoring scheme. 

The paper Is concerned mainly with the solution 
Lgorittm rather than the input-output which will vary 
spending on the particular application. The work is 


It is desirable to solve for both real and reac- 
tive power flows so that system voltages and reactive 
sources as veil as the flow of reel power can be 
checked. 

« 

The other main considerations are solution speed 
and accuracy. The two extremes of speed and accuracy 
are the "dc" or linear power flow** and the exact ac 
power flow as solved by the Newton-Rapheon method. ^ 

The llhear power flow is about 50 times faster but its 
accuracy is poor and it does not give a complex voltage 
solution. On the other hand, the Newton-Rapheon solu- 
tion is very accurate, but its time and memory require- 
ments are usually excessive for these applications. 

It is also advantageous to use a method with controllable 
accuracy so that, if necessary, greater accuracy can be 
obtained at the expense of more running time. The 
objective, therefore, is to find a method that offers 
the best compromise between speed end accuracy. 


Choice of Solution Method 

Methods that could be used for these applications 
include: (1) Gauss-Seldel or similar successive die- 
placement methods, (2) explicit matrix inversion methods, 
and, (3) direct solution methods that exploit matrix 
sparsity by ordered triangular factorisation. 

Gauss -Seidel methods have minimum memory require- 
ments, but they are too slow and problem dependent. 

Matrix inversion methods provide direct solution possi- 
bilities, but their time and* memory requirements increase 
as the square of system site, making them unsuitable for 
this application. Sparse matrix method* are rapidly 
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displacing the other methods not only in power network 
Applications, but in *11 fields where sparse matrices 
Arise. The overall superiority of the factored direct 
solution with sparsity exploitation has been clearly 
established* therefore, the problem is to find the 
noat suitable approximate power flow solution that can 
be implemented by triangular factorization. The Itera- 
tive Linear tower Flow (ILPF) algorithm to be described 
la baaed on the direct solution of a sparse system of 
linear algebraic network equations by ordered triangu- 
lar factorisation and sparse matrix programming tech- 
niques. the direct solution method has been explained 
lo detail elsewhere and is only briefly reviewed here# 
If 2,8-13 

triangular Factorization 

The following matrix equation is used to describe 
the method. 


M GO ■ M 


a) 


M *• * non-aingular matrix, [v] 1* the Independent 
vector and [x] Is the dependent vector# 

M can be factored into the product of a lover 
triangular matrix JjLJ and an upper unit triangular 
matrix [tfj by Gaussian elimination. 


M 00 DO - M 

Bq. (2) can be solved directly for [x] in 


( 2 ) 


First solve for 
substitution on 


a 


Intermediate vector 


what*: 

^ la the voltage phaaa angle acroaa branch km. 
G to +JB to ia the tranafar admittance of branch km. 
C kk + ^ B kk 1# th< point admittance of node k. 

la the aet of branchea connected to node k. 

The B kJ( term can ba aeparated Into ita components. 

B kk “m«J k <5C> 

where i 


B ka ** c ^ a transfer susceptance of branch km. 

te. is the tap ratio when breach km is e trana- 
* aa former (When branch km la a transmission Una, 
*1. - 1.0) 

By. la the charging auaeeptenea of the k leg of 
m the equivalent pi of the transmission line km. 

Bc k la the auaeeptenea of the shunt capacitor or 
reactor et node k. 


The contributions of the transformer to the driving 
point admittances at node* k end m era a* follow as 


M M - M 

then solve for X by back substitution on [ll]# 

If [a] is symmetric only [l] is needad. In factorising 
a symmetric matrix only terms on end below <or ebove) 
the diagonal need to be computed, thereby saving ap- 
proximately one half of the computer time and storage 
of the non symmetric case. For the direct solution 
(Indicated by Eqa. (3) and (4)), however, the number of 
operations Is unaffected by symmetry. 

« M is sparse, the Gaussian elimination can be 
ordered in such a way as to approximately minimize the 
fill-in of nonzero terns in JjL J and [tfj, and thereby 
conserve much of the sparsity of the original ays term# 

If sparsity is exploited in programming, the number of 
operations for obtaining [x] is proportional to the 
number of nonzero terms in [jJ and [tfj# power net- 

work equations, this number is approximately proportion- 
al to system size. 

DEVELOPMENT OF THE SOLUTION ALGORITHM 

The algorithm Is based bn two symmetric real 
matrices which remain constant for the complete solu- 
tion cycle# Therefore, each matrix is trlangu- 
larized only once and the effect of a line outage 
Is simulated without changing the matrices. 

Basic Expressions 

Expressions for the real and reactive power in- 
jections et node k can be written as 

\ <*•> 
% * • , kSk w k 1 4 k , . t,! tai ,l *V-"i»“ , V (Sb> 


» atapa. 
by forward 

*kk * Wkm 

# (S> 

Tam "itA. * Tak 

1. 

(4) 

muMiasLgi , imite jpm 


( 6 .) 

(6b) 


The ays tea of aquations for solving for real power 
flows will be developed first. 

The following substitutions era made in £q,(5a>: 

ain 6 - * + tin ♦ • ♦ (7a) 

eoa , • 1 + e#a ♦ » l (71») 

This gives ; 

'k - 'frkk«k V v>| 

+ v. X vi t 

k»ea k « «* «* 

Bq, (8) can ba rearranged as 
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\JLWk* “ 


- V k Xv 


-l) 


+ B ta (*l«* ¥a -<^ I ,)J (» 


The left-hand side of Eq. (9) can be arranged in the 
form of a system of N linear aquations with M voltage 
phase angles as variables by making the substitution 

♦km “ ®k * ®m <l0> 
whart 8 k and , m art the voltage phase angles at nodes 
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k and Tne left-hand side can then he written in 
matrix notation as [a] [ft] where [ft] is an tf vector of 
node voltage phase angles and [a] la an NxN matrix with 
elements defined aa follows: 


\k 


V. I V B. 
kmic^ m 


CUa) 


• V • -Wta WM 

On the right-hand aide oi £q. (9) the first and second 
terms of the Taylor^ series expansions of tha sine and 
cosine functions are substituted » 

* lR \« • +i« - ~r < 12 *> 


♦vm 

COS ^fcn * 1 * 2 (12b) 

The right-hand side of Eg. (9) can then be written in 
terms of new symbols [?* J and [f* f ] , which are defined 
as follows; * * 


K - iV-v,:c,.,.-v,_ X 


k k kk k 
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(13a) 

<Ub) 


The complete system of equations for real power can 
then he written as; 


where the two new sets are defined as: 
fJk is the set of all PQ nodes connected to node k 
Is the set of all ?V nodes connected to node k 

The left-hand side of Eq. (17) can be written in matrix 
form as [c] [v] where [v] is an N* vector of node v© I fr- 
ige magnitudes and [c] is an N* x N* matrix with ele- 


torn t a c^ defined as follows: 


^ t. B. 

** mc« k xm job 

(18a) 

c k» “ * B k« * ormt \ 

(18b) 


The substitutions for the sine and cosine terms Indi- 
cated by Eq« (12) are made on the right-hand aide of 
Eq. (17). Bq* (17) can then be written in terms of new 
symbols Q,* and q£ t which are defined as follows: 



(We) 

v ■ VK.% 1 ) 

(Wb) 

The complete system of aquations for reactive 
than be written as* 

fewer era 

[c] [v] . CCQQ + [Q-J] 

(20) 

ass»sk 2 a£ 8 U -iaatoUsa 



M W - [O'] + 0 H 1] a*> 

* Privation of Reactive Power Model ♦ 

Making the substitution Indicated by Kq«(7b) in 
Bq. (5b) gives the following expression for reactive 
power. 

\ ^ ta-V‘ , frv v >‘^vw 

♦ \ <») 
Eq. (15) can be rearranged as follows: 

The next step is to reduce the number of equations re- 
presented by Eq. (16). Be defining a PQ node as a node 
where P and Q are scheduled and a PV node as a node 
where P and V are scheduled* Bq. (16) is reduced to in- 
clude only PQ nodes* The number of PQ nodes Is N'* 

Bq* (16) can be rewritten for the S' nodes of PQ type 
by transferring the terms Involving PV nodes to the 
right-hand side* 


For maximum efficiency a it it desirable to tri- 
angularises matrices [a] and [c] only once for each 
solution cycle* Zt is Inefficient and unnecessary to 
represent a branch outage by changing [a] and [cl be- 
cause a new trisngulaTisa tlon would be required lor 
each outage. The scheme described in this section 
simulates the effect of a branch outage on the solution 
without changing the triangularitcd matrix to reflect 
the branch change* It 1$ a special application of a 
ganeral method for modifying inverted metrice****** 

An outage of a line in branch km cauees four 
changes in matrix [a] of Bq* (!*«)«# follows: 


<M > 

The change in [a] can be expressed In matrix notation* 


as: 




<«) 


where [M/)i* an f»] vactor that la all taros except 
element k which is +1 and element m which la -1* 

The Inverse of [a] is given byt 

wWt'i* <”> 

Per * branch out. 8* Bq. (14) era b. rewritten *•* 

CC A 3 - n>’3+ &*•]] m 

where [Ad] i. a vactor of the phase angle correction, 
that account for tha line outage, A .toiler expression 
can be written for Bq, (20) for th. voltage corrections 

CM ■ Ch'Hi")] <»> 
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Here, Ac. is the change In element km of [c] reault- 
lng from tSe line outage, [M-] is an »' vector that la 
«U zeros except for element k which la +1 end el emen t 
a which ia -1. 

Substituting the result of Eq. (23) into Eq, (24) 

gives 

CM*M3 - CW'^KfW'W)' 1 * 


Making a similar substitution in Eq, (25) gives s 

IM+M] - tKT 1 -^ + [» c f . 


Being the results of Eqa. (14) and (20), Eqa. (26) and 
(27) can be simplified as ; 

M - -(4. ^KT'W^Kr’Oy Otflflo*) 

Tot notation*! convenience! two new vectors ere defined 
es follows; 

0J - M'fyj (»*) 

[ z c3 - *<»*> 


Although indicated as computed by an explicit inverse , 
UJ anc * U C J should be obtained from the triangular 
factorizations of [aJ and [c]. Eqa, (26a) and (26b) 
can be written as ; 

[Ad] - -(a^ + ? Ak -*Am)‘ 1 <WC 2 A3 < 30 *> 

[AV] - -(£- + «ck i «0»)' l <VVr* C 3 < 30b > 

The scalar a * Ak and are elements of [Za]; the 

scalars Zq, ^Cra elements of [zj; $. and $ are 

elements ot [6J , the solution vector ot Eq7 (14) With- 
out the line outage; and V k and V- are elements of [v]> 
the solution vector of Eq, (20) without the line outage. 
Thus, by solving Eq. (14) as a linear system to obtain 
the solution [fiy* the solution for [A#], the correction 
to account for a line outage can be obtained by first 
solving for [zj by a repeat solution and then solving 
Eq, (30a), A parallel statement applies for the volthge 
solution in Eq. (30b). 

The following additional considerations apply to 
the reactive equation solution and the transformation 
of Eq. (26b) to form Eq. (30b): 

1. If the outage la a transformer! the nonsero 
entries in the vector [mJ are /t^ for element 
k and -iMfc* for element », for k<m. This 
modification effects the removal of the equiv* 
lent pi for the off-nominal tap ratio trans- 
former. 

2. Only « + 1 in element k of [Me] Is used If the 
line outage connects a FQ node to a PV node or 
to the alack node. 

3. The reactive equation (30b) does not need to 
be solved if the line outage connects two PV 
nodes. 


Iterative Solution for Real and Reactive Power 

The coefficient matrices [a] and [c] of Eqa. (14) 
and (20) are symmetric and have dominant diagonals. 

The sparsity structure of [aJ la identical to the 
nodal admittance matrix, the sparsity structure of [c] 
corresponds to the rows and. columns of PQ nodes in the 
nodal admittance matrix. The matrices can be triangu- 
larised in an order that conserves sparsity and used to 
obtain efficient direct solutions to Eqs. (14) and (2<& 
for given right-hand side. Several iterative schemes 
for using these equations to solve the power flow are 
possible. The one described here was found to be a 
good compromise between speed and accuracy for line 
and generator outages when the initial approximation 
was the solution prior to the outage. 

The main steps of the solution cycle are as 
follows: 

A. Initialization. 

1« Input the system network admittances, and 
initial solution estimate ($] and 

2. Input system generations and loads, or cal- 
culate the net injections using the admit- 
tances and state vector. 

3. Input the Hat of line end generator outage# 
to be simulated. 

4. Form and triangulate matrix [a],o£ Eq, (14) as 

* a function of the Initial voltage magnitudes. 

5. Form and triangulate matrix [Cj of Eq. (20), 

6. Compute (P’j using Eq. (13a) as a function of 
the Initial voltage magnitudes. 

E. Solution for tha Una outaga. 

1. Remove the effect line km from elements TJ 

and ?* of irji, . * 

2. Form vector [M a 1 corresponding to the outage 
of line km and solve Eq, (29a) for the vector 
Ua] brderfed elimination. 

3. Initialise [« h ] equal to tha known solution 
prior to the outage, where h la the current 
Iteration initialized at aero, 

4. Using [§ n J and [z A l compute [A©* 1 ] using Eq. 
(30a). The updated solution for the line out- 
age [gkj la given by: 

- [«*Ma#K] (31) 

5. Compute [p”] using [«*•] by Eq, (13b) taking 
Into account the outage of line ton. Increment 
h by one and solve Eq. (14) for the new inters 
mediate result [§"]. 

6. Repeat step* 4,3 end finally (tap 4, Cheek 
the aolutlon for conversance end if setis- 
factory convergence he. been obtained, con- 
tinue with the voltage magnitude solution in 
•tap 7. If non-convergence is indicated there 
1. no .olutlon, 

7. Form [Mq] corresponding to the outage of line 
km end aolve for the vector [i«j using tq. 

(29b) by ordered elimination. 

. 8. Initialize |V”1 equal to the known solution 
prior to the outage. 

9. Using [O' 1 ] and £25] calculate LAV* 1 ] by tq, 
(30b),. The updated aolution for the line out- 
age [V**] is given by: 

fph] - ft)h] + [Avh] (32) 

10. Compute end [Q"J as a function of [o h ] 
and [V ft J taking into account tha outaga of 
line km. Increment h by oha and solve Sq«(20) 
for the new intermediate result {^J, 

11. Repeat step 9 to yeildi the final solution. 

12. Repeat steps 1-11 for each branch outage to be 
simulated. 
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C. Solution for the generator outage, 

1# Initialize [5*\J as the initial estimate of the 
solution, where h ie the current iteration 
Initialized at zero* 

2* Compute [p M ] by Eq, (13b), increment h and 

^olve Eq. (14) for the new approximate solution 

3. Repeat step 2 and check the result for conver- 
gence. 

4. Initialize [v ni aa the initial estimate of the 
solution. 

5. Compute [q*] and [Q f> ] as a function of (V 1 ] 
and (vKL increment h and solve Eq. (20) for 
the new approximate solution [v* 1 ]* 

6. Repeat steps 1-5 for each generator outage. 

The iterative cycle for [fth] likewise [v h ] 
could be repeated until the change between successive 
iterations is negligible, but experiment has shown 
that for a single line or generator outage, the des- 
cribed two-plus Iterations on the real power equations 
and the one-plus iterations on the reactive power 
equations produce a solution sufficiently accurate for 
outage simulation and security monitoring. 

The solution for the generator unit outage will re- 
quire two additional features: (1) the generator out- 
age in general will require the application of s gener- 
ator allocation function to spread the lost generation 
ever the remaining generators and (2) if the generator 
outage simulates the loss of a complete generating 
plant, the voltage magnitude at the generator node is 
no longer fixed. However, the left-hand side of Eq. 
(20) contains only PQ nodes, therefore the voltage 
magnitude for the new PQ node muat be calculated ex- 
ternal to the matrix solution. The voltage magnitude 
change at the new PQ node la calculated by first cal- 
culating the reactive injection error at the node and 
then using either e precomputed or estimated sensiti- 
vity to calculate an approximate change in node voltage 
magnitude. The updated generator voltage la then 
applied to the right-hand side of Eq. (20), and the re- 
maining system voltage magnitudes are calculated. The 
error in reactive injection la then recomputed, and if 
the error is larger than a specified tolerance, the 
sensitivity number Is updated end the voltage magnitude 
calculation Is repeated. 

If voltage magnitudes violate the specified crit- 
erion, It is possible to perform capacitor or reactor 
switching. The system capacitors and reactors are In- 
cluded on the right hand side of Eq, (20) and, there- 
fore, can be switched, using a sensitivity number 
similar to that used In the generator outage voltage 
calculation, 

APPLICATIONS 

System Planning 

The Outage Simulation program must be capable of 
using the data history produced by the power flow pro- 
gram, The program could therefore either operate as a 
subroutine to the power flow program or as a stand- 
alone program. The program could be used as the first 
analysis step for the examination of a new baas case 
power flow solution to Identify the contingent outages 
that will need further examination and to determine the 
severity of the constraint violations. The program 
could also be used as the final analysis step to exa- 
mine the system during a contingent outage to determine 
its ability to withstand the next outage. 

Because the program Is Intended to simulate s 
large set of contingent outages, it is necessary that 
the input and output be kept simple and minimal. For 


example, the Input could be a list of the power system 
cones (areas) and/or voltage base KV ranges within 
which outages are to be simulated and branch overloads 
and nods voltages and reactive sources are to be check- 
ed. The output should be limited to the list of branch 
and node quantities that violate e specified constraint, 
the magnitude of the constraint violations and the out- 
age which causes the violations. 

System Operations 

For system operations, the on-line Security Moni- 
tor will be one of several Interrelated programs in en 
automated dispatch center. The moat critical input to* 
the Security Monitor is the state vector from the State 
Estimator* & program that processes raw measurements 
to produce an estimate of the actual state of the 
system. 13 this estimate is transmitted In the form of 
the state vector [v s j consisting of complex voltages 
at each node of the monitored system. Other required 
inputs are the passive network model and the real time 
indicators of the status of each element in the net- 
work model, the security constraint limits, and the 
Hat of contingent outages to be simulated* 

The Security Monitor simulates the outages of the 
contingency list using the Information about the cur- 
rent state of the system and indicates to the ays tea 
operator the constraint violations that will result 
from a particular outage. This information will alert 
the operator to which outages will causa problems end 
will indicate the severity of the problem. 

Because the Security Monitor must operate over s 
vide range of loading conditions, capacitor switching 
for voltage correction must be incorporated into the 
solution algorithm. 

Since the Security Monitor mutt be at accurate as 
possible, it should include the influence of the en- 
tire interconnected system. However, the State Esti- 
mator cannot observe the complete detailed interconnect- 
ed system. A portion of the interconnected system In, 
therefore, unobservable to the State Estimator. The 
network parameters of this unobservable ay stem are 
known, but Its state vector la unknown, the influence ' 
of the unobservable system can be represented by re- 
ducing the nodal admittance matrix (by Gaussian elimi- 
nation) to tha boundary of the observable system. The 
injections necessary at the boundary nodes tan then he 
calculated using the state vector. The integration- of 
a Network Reduction program and a Boundary Injection 
program into the Security Monitor program will make it 
possible to Include the Influence of the unobservable 
system. 

SOLUTION ACCURACY 

The results of tha described solution cycle for the 
ILPF hsve been compared with the exact ac power flew 
solution for a series of test problems varying In alee 
from 100 to 50C nodes. The IlfP solution procedure 
used was two iterations of the real power equation and 
one iteration of the reactive power equation. These 
comparisons show that the mean arror in the resulting 
real power flows is less than 1 percent. The conven- 
tional "dc” power flow for the same series of teats 
yields a mean error in real power flows of more than 3 
percent. A few errors as large as 20 percent of re- 
sulting flow were observed. These errors oecured on 
lightly loaded lines and the errors In flow were very 
small in comparison with the line, ratings, A comparison 
was also made in the predicted changes In line flows. 
This comparison was tna*e in terms of percent of rated 
capacity and was limited to lines with significant per- 
cent of rated changes In line flows. The average error 
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in predicting changes in significant line flows was 
less than 4 percent and the maximum error was less 
than 10 percent# 

The voltage magnitude solutions were very accurate 
with the largest error In voltage magnitude being less 
than 0*2 percent* 

Table I shows the percent of rated loadings for 
the base case condition, and the predicted percent of 
loading caused by a typical outage computed by the 
exact ac power flow ano the ILPF method,, 

The accuracy of the solution is a controllable 
parameter; however, for the outage simulation and the 
security monitoring applications, any increased accur- 
acy does not appear worth the additional time required. 

The accuracy of the ILPF could be improved by 
replacing the Taylor series for the sin and cosine 
functions, by using the functions themselves, or by 
cycling to resolve the reel power equations after ob- 
taining the approximate reactive solution. It is im- 
portant to reaffirm, however, that this method is use- 
ful only for a very fast* good approximation to the 
exact solution. Four main factors contribute to this 
conclusion: (1) recycling to resolve the real equation 
would require re triangular! sat Ion of matrix [a], (2) 

improving the non-linear approximation would be costly 
in time, (3) the method converges only linearly, and 
(4) the exact solution may not be attainable because of 
small oscillations resulting from the decoupling of the 
real and reactive equations. 

SOLUTION SPEED 

A number of test systems from 100 nodes to 500 
nodes have been solved by the described method* The 
throughput time can be divided into three parts; 
input/ output, matrix triangu lari ration, and the solu- 
tion cycle* 

The Input/output time la a function of the user 
data base, the time versus storage constraints imposed 
by the overall control system, and the type and amount 
of output desired* With careful organization and data 
preparation, and by restricting the output to quanti- 
ties that violate a specified criterion, the input/ 
output time can be limited to less than 10 percent of . 
the throughput time. The real and reactive coefficient 
matrices are triangular tred only once for the complete 
solution cycle* The time required for triangularlzing 
both matrices is equivalent to about one iteration of 
the Newton-Raphson ac power flow for the same network. 
The solution cycle time is proportional to the system 
site multiplied by the number of outages to be simu- 
lated. The complete iterative solution time for a 
single line outage Is equivalent to about one-half the 
time for one Newton- Raphson power flow iteration on 
the same network* If the voltage solution Is not need- 
ed, the running time can be further reduced by about 
one- third* 

The number of ILPF solutions that can be calcu- 
lated In the equivalent time of one Newton- Raphson 
power flow solution is given by Eq* (33) : 

R <* 1*8 1 forN**2 (33) 

where: 

K Is the number of ILFF solutions per complete 
New ton- Raphson power flow solution. 

N is the number of branch outages simulated* 

I is the number of iterations for a Newton- 
Raphson power flow solution* 


CONCLUSION I 

An ILFF solution algorithm for Outage Simulation 
and steady-state Security Monitoring which fulfills 
speed and accuracy requirements has been described. The 
method solves for both real and reactive power flows, 
its memory requirements are not excessive, and it i* 
fast for its accuracy. 

The accuracy of the solution for the described 
Iteration scheme Is fudged to be satisfactory for these 
applications. The m ar» error in power flow magnitude 
is less than 1 percent and the average error in pre- 
dicted power flow changes Is less than 4 percent for 
lines with significant power flow changes. The maxi- 
mum voltage magnitude error is less than 0*2 percent. 
The accuracy of the solution is a controllable para- 
meter; however, for these applications, any increased 
accuracy does not appear to be worth the additional . 
time required to achieve It. The ILFF method is signi- 
ficantly more accurate than the conventional “dc" power 
flow or any other linear approximation method. 

The complete iterative solution for a line outage 
takes only about one-half the time of one iteration of 
the full Newton- Raphson method and about one-half the 
storage. If a voltage solution is not needed, if* 
computation can be omitted and the running time reduced 
by about one-third. 

The method has the advantage# of both the Iterative 
and the direct solution methods in that the eccurapy 
can be improved by sacrificing solution speed and that 
the .solution Is very rapid* 

The method takes full advantage of network sym- 
metry and sparalty to minimise storage requirements* ' 

The rapid solution speed results from optimally ordered 
triangular factorization, a direct solution method, and 
the application of the Matrix Inversion Lemma. 
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TABUS I 

ACCURACY COMPARISON OF ILFF AND TUB AC POWER FLOW 
FOR A 500 NODE SYSTEM 


PREDICTED POST-OUTAGE 
LOADING IN E OF RATED 



IOADINC PRIOR TO 

AC 

BH 

BRANCH 

OUTAGE IN t OF RATED 

POWER FLOW 

METHOD* 

1 

39 

126 

127 

2 

87 

122 

123 

3 

96 

112 

113 

4 

, , 126 

181 

186 

5 

122 

229 

230 

6 

10 

150 

130 

7 

69 

141 

138 

8 

103 

146 

144 

9 

133 

222 

223 

10 

117 

219 

224 


* Solution criterion was two iterations for the real 
power equations and one iteration for the reactive 
power equations* 
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AN OVERVIEW OF POWER SYSTEM CONTROL CENTERS 
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AB£ TRACT - This paper describes the objectives, func- 
tions, and elements of power system control centers. 
Th« distinguishing feature of modern control centers 
m the addition of monitoring and control functions 
' Elated to security of system* operation. The four 
sis&jor element© of control center design - data acqui- 
sition and control, computers, man-machine interface, 
&oi tw&re, and people - are discussed briefly. 

INTRODUCTION 

Throughout the electric utility industry in the 
world today, traditional dispatcher's offices are 
giving way to modem system control centers fl] , This 
clung® from the old to the new is not merely one of 
modernisation 'of dispatching and supervisory equipment, 
although there are indeed many new centers which pro- 
vide little mors than what used to be done with old- 
style equipment. What is significant is the change 
fr<« a limited concept of generation dispatching or 
supervisory control to a more comprehensive and inte- 
grated approach to monitoring and controlling a power 
syi.tesu this broader concept which we shall refer to 
as the "security control" concept (2} , has stimulated 
dittoing development of the hardware and software func- 
tions which characterise the current trends in power 
system control center design. 

One may ask why a mocern control center is needed 
at all. Or rather, why should a control center be de- 
signed to do more than generation and supervisory con- 
trol? The answer, of course is that there are many 
difficult operating problems which are outside the 
puiview of these traditional controls. The nature, 
complexity, and severity of these operating problems 
vaiy from one company to another. But whatever the 
company and its specific conditions, the resolution pf 
thsise day-to-day and even minute-to-minute operating 
problems had historically been left solely to the hu- 
man operator. The operator had generally been left to 
bin own resources to wake operating decisions with 
little relevant information about the nature of a prob- 
lem and of the implications of each decision alterna- 
tive that he could consider. Ironically, in cases of 
really serious and complex situations the operator 
wot ild be flooded with too much information which tended 
to hamper or confuse rather than assist his decision- 
making process. 

Over the years, improvements were being made in 
thv traditional central controls. By the end of the 
19<#*s, the state-of-the-art in generation control had 
evolved from an analog system to a digitally-directed 
analog and eventually to a full digital control system. 
Similarly, supervisory control systems had evolved 
from one hardwired master per remote to one hardwired 
manter for several remotes and eventually to a digital 
coiputer master. Thus, by the end of the 1960 r s there 
weire in service two types of digital computer control 
installations — the dispatch computer and the super- 
visory control computer — using small computers and 
retiring no more data than what was essential for 
either generation dispatch or for supervisory control. 


Digital, telemetry was also coming into use to replace 
analog telemetry. Up to this time the man-machine 
interface consisted of strip-chart recorders, loggers, 
indicating lights, annunciators, console pushbutton 
panels, thumbwheels, and other special-purpose hard- 
ware. Later, black and white or color CRT's were in- 
troduced in the design of these traditional centers 
but the monitoring and control objectives still re- 
mained limited to generation dispatch and supervisory 
control. 

The first significant step in expanding the scope 
of control centers was made with the addition of sys- 
tem security consideration to the generation control and 
supervisory control requirements . This factor caused 
radical changes in the real-time data requirements, 
the amount and sophistication of information processing, 
the computer configuration, and in the design of the 
man-machlr^e interface. We can correctly say that the 
difference between a modem control center and a tradi- 
tional one is the incorporation of functions related* to 
security. 

SYSTEM OPERATION AND SECURITY CONTROL 

The goal of system control center design is the 
implementation of security control. 

Security control requires the proper integration 
of both automatic and manual control functions, i.«», 
a total systems approach with the human operator being 
an Integral part of the control system design. Secur- 
ity control requires that all conditions of operation 
be recognised and that control decisions by the man- 
computer system must be made not only when the power 
system is operating normally, but also when it is 
operating under abnormal conditions. 

The nature of security control in terms of a de- 
sign organisation or structure was presented at the 
1966 IEEE Summer Power Meeting in the paper, "The Adap- 
tive Reliability Control System" (3). The concepts 
advanced in this initial paper were further developed 
in a succeeding work, "Control of Power Systems via the 
Multi-Level Concept" published in 1968 { 4 ] • X will 
briefly discuss the basic ideas originally presented 
in these two references. 

' ■ • * ■ . * - 

The Overall Operating Problem 

The power system may be assumed as being operated 
under two sets of constraints: load constraints and 
operating constraints. 

The load constraints inpose the requirement that 
the load demands miss* be met by the system. The oper- 
ating constraints impose maximum or minimum operating 
limits on system variables and are associated with 
both steady-state and stability limitations. Mathe- 
matically, the load constraints can be expressed in the 
form of the familiar load flow equations. The opera- 
ting constraints can be expressed in the form of in- 
equalities, such as on equipment loadings, bum voltage,* 
phase angle differences, generator real and reactive 
powers# etc. 

The conditions of operation can then be categorised 


of disturbances : 


mto UhrfjQ operating states — normal' (or preventive} , 
margency/ and restorative. 

A system is in the normal state when the load and 
operating constraints are satisfied. It is reasonable 
to ass^ime that in the normal state the power system is 
in a quasi - steady- state condition . For any given time/ 
the, intersection of the load constraints and the opera- 
ting constraints defines the space of all feasible 
normal operating states- The power system may he 
operated anywhere In this apace. 

A system ia in the emergency state when the opera- 
ting constraints are not completely satisfied,. Two 
types of emergency may bo noted. One is when only 
steady-state operating constraints are being violated, 
e.g. , an equipment loading limit is exceeded or the 
voltage at a bus is below a given level. The other is 
when a stability operating constraint is violated and 
as a result of which the system cannot maintain sta- 
bility. The first type of emergency may be called 
"steady-state emergency •' and the second type, "dynamic 
emergency," For the moment , however, we shall not 
distinguish between the two types of emergency. 

A system is in the restorative state when the 
load constraints are not completely satisfied. This 
means a condition of either a partial or a total sys- 
tem shutdown. In case of a partial shutdown the re- 
duced system may be in an emergency state. This is 
the start of a cascading situation, and if uneorrue- 
ted# would lend to a further deterioration of the 
system. 

The concept of three operating states breaks up the 
coTHplex overall operating problem into three operating 
sub-problems with different control objectives. Of 
primary interest and of major impact on the design of 
system control centers is the control done in the normal 
state. It is basically the development and implementa- 
tion of functions in this area that represent the state- 
of-the-art in system control centers. Emergency and 
restorative controls are needed for a complete security 
control system, but so far their implementation at con- 
trol centers has been very limited in scope and in in- 
genuity. 

The effectiveness of security control depends 
heavily On the control done during the normal operating 
state. If a system could Joe controlled so that it re- 
mains normal 100% of the time, then all the load con- 
straints would be met without any problem 4 and there 
would eatist the maximum opportunity for realizing the 
full economic benefits of ound operation. The objec- 
tive of security control may therefore be restated as 
follows t to keep the power system operating in t no 
normal operating state, i.e* , to prevent or to minimize 
the departures from normal state into either the emer- 
gency or the restorative state. To realize an effec- 
tive strategy for carrying out this objective let us 
look more closely into the concept of system security. 

The Concept of System Security 

' . ■ :#■ ■ ■ ■ '■ ■ ■ ■" ■■ ■■■■ 

System security may be considered as the ability 
of a power system in normal operation to undergo a dis- 
turbance without getting into an emergency condition. 
The. system is then said to be "secure," On the other 
hand# a normal operating system would be "insecure” if 
there were a disturbance which could bring about an 
emergency operating condition. If one considers all 
possible disturbances it would be impossible to find a 
secure power system. In practice system security is 
determined with reference to an arbitrary subset of the 
complete disturbance set. This subset is called the 
"next** contingency** set. The choice of the composition 
of the next-contingency set is dictated by the prob- 
ability of occurrence of the contingency within the 
next short period of time (in the order of minutes) 
and the consequences to the system should the contin- 
gency occur. In most power systems the next-contin- 
gency set includes# as a minimum, the following types 


1) any circuit out? 

2) any generating unit out; 

3) Any phase- to- phase or 3 -phase short circuit.. 

Other types of disturbances may be added. The more 
disturbances included in the next-contingency set the 
more stringent the system-security requirements become. 

For a given next-contingency set, the set of all 
normal operating states may be partitioned into two 
disjoint subsets — secure and insecure. That is, a nor- 
mal operating system i a either secure or insecure. We 
see then that for security control to accomplish its 
objective of preventing or minimising departures from 
the normal state it would be highly desirable to be 
able to identify, firstly, whether the system ia nor- 
mal or not, and secondly, if normal, whether the sys- 
tem ia insecure or not, and thirdly, if insecure, what 
corrective action may be recommended to moke the sys- 
tem secure. This lead« us to the function* of secu r- 
ity monitoring and s ecurity analysis which we shall 
discus3 a little later. 

general Character ia tics of Security Control 

We should recall the previously stated objective 
of system control center design as the implementation 
of security control in the broad of Integrating 

all required automatic and manual functions for all 
conditions of operation. From this prospective we can 
see the general patterns in which system control cen- 
ters have been developing in the recent years. 

The necessity for integration has brought together 
the previously separately implemented functions of gene- 
ration control and transmission control into one system. 
For geographically small power systems the integration 
is carried out in the system control center. For large 
systems or systems with existing regional or area con- 
trol centers this integration is accomplished by linking 
the centers at various levels into a computer hierarchy. 

, The new requirement of security monitoring alone 
has necessitated the collection of a large volume of 
real-time system data every few seconds and has brought 
about the use of filtering and state estimation techni- 
ques. 

In addition, the integration of automatic and manu- 
al functions is being manifested In the form of advanced 
display devices and techniques. The CRT with limited 
graphics has become the universal man-machine Interface 
for system control centers. 

Operating decisions by the human operator are being 
supported by the presentation of more complete and co- 
herent information about the power system than was ever 
done before. 

If we review the modem system control centers 
which have been placed in service throughout the world 
since the start of the 1970’s and also those which are 
in the process of implementation we come up with a to- 
tality of real-time features and functions which inclu- 
des the following: 

1. Hierarchical structures consisting of several 
levels of computer systems. 

2. Dual real-time processors or multi-processors 
plus redundant peripherals, 

3. High-speed digital telemetry and data- 
acquiaition equipment. 

4. System-wide instrumentation of electrical 
quantities and device status - 

5. Color CRT’s with graphics for interactive 
display. 

6. Dynamic wall board group display. 

7. Automatic generation control. 

8. Economic dispatch calculation. 

9. Automatic voltage (var) control* 

10. Supervisory control (breakers, capacitors# 


transformer taps, generating unit startup and 
shutdown) . 

11* Security monitoring. 

12- State estimation* 

13. On-line load flow. 

14. Steady-state security analysis. 

IS* Optimum power flow. 

16. Automatic system trouble analysis. 

17. On-line abort-circuit calculation- 

18. Emergency control — 

automatic load shedding, generator shedding, 
line tripping. 

19. Automatic circuit restoration. 

There is no control system that has all of the 
functions just enumerated. This is to be expected. 
Operating problems differ due to different networks and 
generation resources. Operating philosophy and the 
structure of operating responsibilities are not the 
same for all companies . A few centers have adopted an 
evolutionary approach, adding something new to existing 
control equipment and telemetry- Finally there is the 
significant time gap between the testing of a new idea 
on paper and its implementation in a real-time control 
system. 

FUWfCTTOHS OF A CONTROL CENTER 

In this section we will summarise only the real- 
time functions that are generally of widespread con- 
concern to system operation. There are of course other 
functions which belong to the structure of security 
control but which are usually run off-line or in a 
batch processing mode- This is not to say that these 
latter functions are not important, but we recognize 
that the difficult part of system control center design 
lies in the implementation of functions which run in the 
real-time environment. 

Automatic Generation Control (AGO) 

The function of Automatic Generation Control (AGC) 
is to determine the generation required to meet the ac- 
tual system load and to allocate this generation among 
the regulating units, coordinating the requirements of 
regulation with the desired base operating point of each 
unit. The last part of this definition identifies an 
important interface between AGC and some other function 
which calculates the desired base points or settings* 
Traditionally the base settings are determined by the 
economic dispatch function. But in our concept of secu- 
rity control this need not always be the case* During 
certain operating conditions, other functions such as 
security analysis or emergency control could establish 
the desired base operating points. 

The basic AGC algorithms, i.e., the calculation of 
area control error and the assignment of regulation to 
each unit recognising the desired base points, are well- 
known* To apply these algorithms in a system control 
center requires the addition of modules which in effect 
interface with the real-time environment * These modules 
should initialise the AGC function, coordinate all in- 
formation from other programs which affect AGC, prepare 
and hand of f to the data-acquisition subsystem the sig- 
nals to be sent to the plants, and communicate with the 
display subsystem* 

The use of plant computers communicating with the 
system control center offers felxibility for carrying 
out the AGO function* An example of this application 
is at the Cleveland Electric Illuminating Company (CEI) . 
The AGC software at CEI 1 s system control center sends 
desired mw signals for each regulating unit to the plant 
computers . The plant computers act as local closed-loop 
controllers for each unit (5) * The control algorithms 
at the plant computers recognise the individual rate of 
response of each unit* Over the same data links the 
plant computers report to the system control center 


every second the control status of each unit &nd its 
short-terra raise and lower capability. This inform- 
tion. is used by the AGC algorithm such that the desired 
raw requested is within the dynamic capability of the 
unit* The computer- to- computer link also handles spe- 
cial requests by a unit operator to place a unit off 
or on regulation or to change a unit’s operating limits. 

Economic Dispatch Calculation (KD C) 

Economic dispatch calculation is performed .every 
few minutes using the set of coordination equations 
which requires that the incremental cost of delivered 
power from each generating unit to an arbitrary refe- 
rence point be the same for each unit. The incremen- 
tal cost of delivered cowar to a given point from a 
generating unit is equal to the incremental cost of 
generated power multiplied by a penalty factor. Tradi~ 
tionaily the penalty factors are calculated using trans- 
mission loss B-cons tants . 

In present day control centers, B-eonstants arc 
usually calculated off-line and are updated very infre- 
quently. There is on economic advantage to be gained 
in updating E-constants on-line especially in these 
times of high fuel costs* 

In centers where a real-time load flow is required 
for other reasons, it would be possible to calculate 
the penalty factors on line by adding a real power op- 
timization routine thus obtaining an optimum power 
flow {5], (6). At CEI, ©very time there is a network 
change or when the system load has changed significan- 
tly in magnitude or in relative distribution between 
areas, the optimum power flow runs automatically ur.d 
a new set of penalty factors is passed on to the E}>C* 
The penalty factor calculation takes less than 40 sec- 
onds on the Sigma 5 computer. This is the total res- 
ponse time and includes network configuration update, 
3 to 4 fast decoupled lead flows {71, Jacobian calcu- 
lation at the optimum solution point, calculation and 
transfer of new penalty factors to the data base. 

Although EDC should bo made only for those units 
which are regulating, it is desirable to wake another 
calculation including all the other units on local con- 
trol. This second-pass JKDC is made every time the regu- 
lar EDC is run* The results of the second-pass EDO arc 
displayed to the operator so that he «*ay manually direct 
the units on local control to be moved closer to their 
optimum generating points* Considerable additional 
economy may be realized this way. 

Supervisory Control (SBC, SVC) 

Supervisory control is not a new operating func- 
tion. Its integration into a system control center is 
new. Since supervisory control is a manual function it 
is exercised via the man-machine interface or the dis- 
play subsystem. 

The integration of supervisory control of circuit 
breakers (SBC) is not always straightforward in -the 
case of a control hierarchy where , historically, super- 
visory control had been exorcised at a lower level, 
such as a district or regional office* The common ap- 
proach has been to retain this function at the lower 
level and merely report the breaker status to the cen- 
tral or higher level. Such a structure will need re- 
examination of the interfaces in the event that there 
would be a requirement for breaker control from the 
higher level. An example of this would be some form of 
emergency control such as load-shedding or system sp- 
litting. 

When there is a need, the control center may also 
perform supervisory control of voltage regulating de- 
vices (SVC), such as tap -changers, capacitors, genera- 
tor voltage regulators. 



iifctxsatlc Vcllt&ga/Var Control (AVC) 

The automatic control of system voltage and of var 
1 location is not yet in wide use even by those cent- 
anies who feel they need it* primarily due to the ab- 
ence of an efficient on-line optimization algorithm, 
n 0 apart* however* AVC hrs been in use for many years 
ow. 

The AVC regulates th., voltage profile and also 
tinimizes losses due to reactive power flow [8}* The 
:ontrol variables are generator reactive powers* trans- 
former taps* shunt capacitors* end shunt reactors* The 
control is a two-step operation . Voltages and var 
flows are checked periodically and when there is any 
deviation beyond certain tolerances the voltage profile 
control calculation is initiated* At less frequent in- 
nervals the minimum loss calculation and control is 
sxecuted. 

In 1976, the Potomac Electric Power Company placed 
In service their new control center (9] and one of its 
unique features is a' closed-loop voltage control (101 
of distribution bus voltages* the first of its kind in 
the world* 

Security Monitoring (SM) 

Security monitoring ($H) is the on-line identifi- 
cation and the display of the actual operating condi- 
tions of the power system. This one function has made 
the difference between the traditional dispatch center 
and the modem system control center. SM requires a 
systemwide instrumentation on a greater scale and 
variety than that required by a center without SM* The 
types of measurements includes MW and MVAR flows* 
branch currents* bus voltages* bus MW and MVAR injec- 
tions* frequencies* energy readings* circuit breaker 
status or operation counts* manual switch positions* 
protective relaying operations* transformer tap posi- 
tions* and miscalleneous substation status and alarms. 

The SM function* in general* checks the analog 
values against limits basically to determine whether the 
system is close to* or at* the emergency state. The 
limit-checking also allows some kind of data validation 
and the rejection of incongruous data* Limit-checking 
is done as often as the data is brought in which is us- 
ually in the order of every one to a few seconds. 

The display required for SM entails the use of CRT’s 
and a large number of disp ly formats. The dynamic wall 
display is also used for SM* Part of the SM function is 
the on-line determination of the network topology (11] * 
(12] . In most cases it is sufficient to determine the 
network configuration. In centers where there is a dir- 
ect responsibility for transmission switching and safe- 
ty is a paramount factor* the SM function should inclu- 
de an identification of the electrical status (energized 
or de-energized) or every physically isolatable segment. 

Static State Estimation (SB) 

State estimation (SB) may be defined as a .mathe- 
matical procedure for calculating* from a set of system 
measurements* a "best" estimate of the vector of bus 
voltage magnitudes and phase angles of the network. 

The measurement set is understood to contain an 
adequate degree and spread of redundancy to allow the 
statistical correlation and correction of the measure- 
ments* detect and preferably identify bad data* and 
yield calculated values for non-telemeter ed quantities. 

An excellent summary of SS and its methods is 
given in the 1974 Proceedings of the XBBB paper by 
Schweppe and Kandachin (13) * 

Although there are just a few control centers with 
SB in operational use the value to operation of this 
function is becoming more widely acknowledged. Recent 
specifications for control centers include SB as part 
of the software requirements. As presently practiced* 
SB is used for the following purposes: 


- bad data identification 

- calculation of non-teleaetered or missing data 

- provide inputs to security monitoring function 

- provide vector of bus injections for anon-line 
load flow* security analysis* and bus load 
forecasting. 

" Ii-Line Load Flow (CLP) 

By ’’on-line load flow” I do not mean a load flow 
that is made available to the operator for planning or 
study purposes. However such a load flow is run* either 
by conventional batch processing or interactively* it 
is still an off-line load flow. An on-line load flow 
(OLF) is one which is used for real-time functions such 
as security monitoring* security analysis* and penalty 
factor calculation* and can also be used for study 
purposes . * OLF makes use of real-time data. 

The OLF requires a vector of bus injections. In 
the general case, the bus injections are calculated 
from statistical data obtained on-line and some off- 
line historical information* The bus injections nay 
also be obtained from the results of a state estima- 
tion program. These injections may be used as they are 
or normalized , to produce a set of load distribution 
factors. These distribution factors may be projected 
to a future time for predictive purposes. 

The on-line load flow is a necessary function for 
system control centers. It should not be interpreted * 
however, as supplanting state estimation. As we have 
seen* these two functions serve different needs. Since 
the on-line load flow uses, bus injections which are 
statistical in origin, the ultimate OLF should give 
results with some kind of statistical interpretation* 
i.e. * an stochastic, load flow. We are not yet there 
with the present state-of-the art* However* the basic 
formulation of the OLF for penalty faotor calculation* 
for establishing the base case of security analysis* as 
an alternative method for performing contingency evalu- 
ation is of value now at system control centers. 

Steady-State Security Analysis (SA) 

The first function of security analysis (SA) is tc 
determine whether the normal system is secure or inse- 
cure. The second function is to determine what correc- 
tive action strategy should be taken when the system is 
nsecure . 

Th© first function is commonly known as contingen- 
cy evaluation since by definition, the security of a sys- 
tem is determined with reference to a set of next-con- 
tingencies. In present state-of-the-art, only steady- 
state contingency evaluation is done at system control 
centers. That is* the emergency condition that is to 
be avoided is overloading of equipment or poor bus vol- 
tages* There is still nothing in the way of dynamic 
security analysis* 

The earliest method used for contingency evaluation 
is the distribution factor method derived from elements 
of the bus reactance or bus impedance matrix [141,(151* 
This method is used at several control centers. The 
same approach is used for determining a feasible* thougt 
not necessarily optimal, corrective action. 

Load flow methods are also in use for security 
analysis. Among these techniques are* DC load flow* 
Gauss-Seidel* Newton-Raphona* linearised AC (161* and 
Stott's Fast Decoupled Load Flow. The last mentioned 
method has the advantage of having the same algorithm 
useable to obtain either an approximate solution or a 
full AC solution. The approximate solution is compar- 
able in speed to the method of distribution factors but 
it is more reliable and accurate in that the voltage pro* 
file is taken into account. The first iteration of the 
Fast Decoupled Load Flow yields the approximate solution. 
If a full AC solution la desired further iterations are 
run until the mismatch requirement is satisfied. 

A recent survey of security analysis msthrids*!* 


given in [173* 

Security analysis as presently modelled requires an 
iip-to-date equivalent of the external interconnection . 
So far, the only equivalent available and used at control 
centers has been the traditional Ward equivalent which 
has several recognised shortcomings . There is now a 

revived interest in equivalents for security analysis. 
Two basic types are erne,', Ing* topological and non-topo- 
logical. Topological equivalents, like the Ward equi- 
valent, are derived from prior knowledge of the detailed 
external system. Non-topological equivalents require no 
physical network information but are derived from real- 
time measurements via stochastic approximation techniques. 
A recently developed topological equivalent (IS) based on 
Dime's HEX method [19] has features for on-line applica- 
tion not available with the Ward equivalent. Work on 
non- topological equivalents is continuing and initial 
results have been reported in the literature [203 #[213. 

As discussed previously, the space of feasible nor- 
mal states may be partitioned into secure and insecure 
regions. This, of course, is a dynamic situation. As 
the system generation, load, and topology change so does 
the space of normal states and so does the boundary be- 
tween secure and insecure regions. In fact, either re- 
gion could be a null subspace. Clearly, as system condi- 
tions change the contingencies in the next-contingency 
aat which yields insecure operating points also change. 
If at times the system is very strong that no contingency 
in the next-contingency set can cause an emergency, the 
insecure region is null and contingency evaluation is not 
required. At other times only certain contingencies need 
be evaluated* This leads us to the idea that we should 
have a more scientific or systematic way of determining 
on-line whether there is any need to do security analysis 
and if so, which contingencies we should be looking at. 
Presently, we do not have any techniques for accomplishing 
this* We are thus compelled to use a fixed list of 
contingencies, perhaps with some spare room for opera- 
tor-specified contingencies. Since the secutity analy- 
sis routines could impose a large computational burden, 
in certain centers the next-contingency list is pared 
down to a small number of items. This is not always 
possible. There could still, be enough contingencies to 
cause loading problems of computer resources. Part of 
the problem is the requirement that security analysis 
be run periodically, 24 hours a day. An alternative 
approach would be to use he Security Monitoring func- 
tion to determine whethex >r not there is a need for SA. 
This could be based on arbitrary levels of line load- 
ings. 


..->, 4*4 ^ overlooked in control center 
is th ° fact 4,1 »*»y power system 

a ” Bna 5 i " tarniinal **»•«' «uch « e unes 
with a tap for a transformer connection. For a 3-ter- 
minal line, a line outage would mean an outage of three 
load flow branches and the isolation of One node. This 

is oft<m lost sij * ht o* a software designer with 
little power system background. The contingency evalu- 
ation program gets erroneously developed on the basis 
of a line outage being a branch outage in the load flow 
sense » 


DESIGH CRITERIA 


Ths successful performance of control center func- 

5J?**“* “ <J ““ crlbed in the preceding section 

spends on the • adherence to certain design and perform- 
ance criteria. The three most important design and 
performance criteria for a system control oentsr are: 
syatra. response, system availability, and system main- 
tainability. 

. s X«£g» response is measured in terms of the itiaei 
it takes from the instant a function is requested un- 
tU instant the outputs from that function are 
available. The response time requirement depends upon 
-he nature of the function in question. The ac tual re- 
sponse time obtained depends upon the speed of the hard- 


ware reliability or software reliability, or both com- 
bined. The measure of system availability also depends 
upon system response* For any given function, the 
availability. A, is given bys 

m Available Time 

* Period of Interest 

^ Unavaii ble Time 

Period of Interest 

Unavailable time is the total time during the period 
of interest when the function is not available. Any 
time beyond the maximum prescribed response of a func- 
tion is also considered as unavailable. 

It is an extreme design requirement to specify the 
same availability for all functions, critical and non- 
critical* An overall system availability is difficult 
to define let alone measure. Besides, an overall 
system availability requirement does not necessarily 
ensure a good response and availability of a critical 
function. It would therefore be more reasonable and 
preferable to specify two availability figures, one 
for critical functions and another for non-critical 
functions. A critical function which should have a 
high availability is the man-machine interface. The 
availability of this function could be used as a sim- 
ple, readily measurable criterion for system design 
and performance. The thinking behind this Is that as 
long as the man-machine interface is available the 
operator is not completely helpless. Even if other 
operating functions were not working, the operator could 
do something manually if the interface were there to 
provide some information and to permit manual oorrec* 
Ions. 

Achievement of good response and high availability 
should be pursued from the very start of system design, 
through implementation, and during the life of the sys- 
tem. Very much a factor in this achievement la s ystem 
maintainability . The levels of response and availabil- 
ith are obviously affected by hardware and software 
maintenance. The repair times following hardware or 
failures depend upon the maintenance capability, diag- 
nostic aids, and equipment that are available to main- 
tenance personnel. Preventive maintenance, system de- 
bugging, corrections, updates, tests, and enhancements 
are on-going activities which have to be performed us- 
ing the computer system facilities. The system design 
from the very beginning should provide for this type of 
work to be done at any time with little or no impact on 
the performance of the real-time system. 

Software maintenance could be a serious problem in 
a system control center. Even with an adequate staff 
of trained people , it is highly advisable to have enough 
computerised maintenance and testing aids in order to 
reduce significantly the time required to do mainten- 
ance* Just like system response and availability* sys- 
tem maintenance must be designed into the system at the 
start and not as an after-thought. 

CONTROL SYSTEM COMPONENTS 


A system control center consists of the following 
elements or subsystems! data-acquisltion and control; 
communications; computers; display; software; uninter- 
ruptible power supply; the building; and people. The 
communication channels, the power supply and the build- 
ing facilities design are all important to the proper 
functioning of a control center will not be discussed 
here. Their requirements are not as in^mateiy woven 
in with the control design problem as are those of the 
data-acquisitlon , the computer, the display, and soft- 
ware subsystems, and people. 

The Pata-Acgulsition and Control Subsystem 

The date-acquisition and control subsystem con- 
sists oft remote terminal equipment for interfacing 



with power system instrumentation and control devices * 
interfaces with communication channels j and master sta- 
tion equipment for interfacing with the system control 
center. In some centers a dedicated channel is as-/ 
signed to each remote station. In others there are 
less channels than remote ' stations requiring more than 
one remote to share a channel. Analog data is scanned 
periodically in the on r generally of 1 second to a 
few seconds. Each scan is triggered by the system con- 
trol center at the prescribed interval by using a re- 
quest to all remote stations to send in data. Data is 
received at the master equipment in a random order. 
The hardware equipment which converts the bit- serial 
data into a bit-parallel word does error-checking and 
raises an interrupt to the computer for each word re- 
ceived. There are* two approaches to this: one is to 
have a single interrupt for all channels? the other is 
to have one hardware interrupt for each channel. The 
single-interrupt method requires polling by a software 
routine to find out where the data word came from. The 
multiple interrupt approach results in a much better 
response time due to the very fast interrupt proces- 
sing. 

Status data is also processed in the same way as 
analog data except that there are two ways of reporting 
status changes. The first way is to send in all sta- 
tus information from all remotes at the required in- 
tervals regardless of whether or not there has been a 
change. This approach requires a software routine at 
the system control center to check each new status 
with the old status to determine any changes. Consider- 
ing the very large number of status points that is moni- 
tored in a power system this approach represents a siz- 
able burden on the central processor at the control cen- 
ter. The second way is to send status data from the re- 
mote only when there has been an actual change of status. 
Since normally the system is quiescent and since r if 
there are any status changes , only a certain number of 
stations are involved, the second method results in a 
better overall system response for the same amount of 
computer resources. There are, however, many systems in 
service which use the continuous status scan approach 
and which apparently are not bothered by this processing 
overhead. At least, now yet. Having a not-so- frequent 
scan helps. Assigning data- acquis it ion to a front-end 
computer also helps. 

The use of front-end xaputers for the data-acqui- 
sition function is a desirable option as it off-loads 
the main computers which would be doing the rest of the 
real-time functions. In some applications the front-end 
computer serves only as a message switcher. This does 
not help system response. 

The data link procedures and word structures are 
different with each data-acquie Ition equipment manu- 
facturer and sometimes with different models from the 
same manufacturers. While this situation creates a 
constraint on the expansion of an existing system it 
'Should not lock in a utility company to an obsolescent 
model when, due to the fast-changing technology, better 
and more cost-effective equipment may be available. 
Microprocessors would resolve this industry problem by 
making it easier end less expensive to convert from one 
data format to another. There is now a trend to so- 
called programmable remotes which would inecitably be- 
come microcomputers or minicomputers . Eventually the 
data-acqgisltlon subsystem would be a computer network 
using a standard data link format and control. 

The d&ta-acquisition software besides managing the 
collection of data and placing them in computer memory, 
also performs: error-checking# conversion to engineer- 
ing units# limit-checking# and interfacing with appli- 
cation programs. For fast response, the date-acquisi- 
tion software must be: resident in main memory# of the 
highest hardware priority of all application software# 
as independent of the operating system as possible, 
making use of hardware interrupts for scheduling its 


own I/O * s . The real-time database must also be resi- 

dent in min memory. 

One should look askance at a system design in which 
the real-time data base is net resident in main memory. 
Such a design is handicapped from the start since al- 
ready a large amount of traffic is being built into the 
I/O channel. Since th*» cost of main memory is no lon- 
ger very high, the extra cost incurred to make the data 
base resident is a small price to pay to ensure good 
performance . One should not readily yield to the ar- 
gument that one's requirements are not too great any- 
how and that the design would be adequate* Control 
centers have a habit of expanding from vary humble be- 
ginnings. If it turns out that the reason the data- 
base cannot be made resident in main memory is that 
there is no more expandability, then the computer being 
offered , is not the right one to have . 

f 

THE COMPUTER SUBSYSTEM 
Real-Time Computer Characteristics 

A system control center is a real-time system and 
the computers selected for this application must be 
designed for real-time. Essentially this means that 
the computer must have outstanding hardware features 
and must have a proven and efficient real-time opera- 
ting system . Some of the hardware features that have 
been found to be important at control centers are the 
following: 

— memory cycle times of microsecond or lower 

— multiple external interrupt structure with a 
fair number of interrupts 

— fast access disk In the order of less than 
20 milliseconds access time and transfer 
rate of better than 2S0 kbytes per second 

— multiport memory banks with provision for 
interleaving 

--^memory expandability to, at least, 6<4 k 32 
bit words or equivalent 

— direct memory access (DMA) with multiplexer 
for several peripherals sharing the DMA 
channel 

— floating point hardware 

— internal interrupts for various trap conditions 

— internal real-time clocks ‘ 

— watchdog timer. 

The actual performance of a computer system for the 
same hardware depends upon the configuration, the opera- 
ting system, and the software design. 

Computer Configuration ' 

The design criteria of response, availability, and 
maintainability dictate the use of more than one pro- 
cessor. Placing all functions — real-time monitoring 
and control, background processing, software mainten- 
ance and testing— in a single processor makes it extre- 
mely difficult or impractical to obtain a high level of 
response and availability. One would have to limit the 
scope of functions assigned to the digital computer 
(such as use analog for AGO) and also accept a degraded 
security monitoring function. But this is not repre- 
sentative of the new breed of system control centers 
that we are investigating, where functions such as AGC, 
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EEC, SM, SA, SE, OLF, SBC are being Integrated Into one 
system and CRT response tinea of 1 second or better are 
common*. 

There are some control centers with single pro-* 
censors* all of these have analog AGO controllers 
either as part of the system or available as backup, 
Xn such centers, the man-machine interface is evident- 
ly not considered critical as it ia unavailable when- 
ever the single processor is down* 

In the majority £ the control centers# the com- 
puter configuration used is the "dual* computer system* 
This is shown in greatly simplified form in Figure la. 
A and B are basically identical computer systems# each 
consisting of a central processor# main memory, and 
auxiliary memory. 

There are several ways in which functions may be 
assigned to A and B. This depends primarily cm the 
* availability requirements* One way would be to say 
that all functions# critical and non-critical , as well 
as some types of background processing# must be fully 
supportable on one computer* This takes us back to 
the response problem of a single processor* However# 
in this case the availability would be much better 
eince there is a second computer in stand-by. The more 
eofltton practice is to share the functions between the 
two computers* Critical real-time functions would be 
assigned# say to a# which would be called "primary" , 
and non-critical real-time functions# off-line, func- 
tions, and background processing would be assigned to 
designated "secondary"* 

In oase of failure of the primary computer# the 
secondary can assume the critical real-time functions by 
manual or automatic failover of the real-time inter- 
faces, such as the data-aoquisition equipment and opera- 
tore* consoles# and initialising Itself to the real-time 
environment. Figure lb with the dashed line between 
computers# represents the failover arrangement. 



(a) <b) 

Fig* 1 - Dual Computer Configuration 



(a) €b) 



Fig* 2 - Dual Computer Configuration with Front-End 
Computers 


In actual operating experience# a conputer system 
will recover from most failures by simply starting it. 
over again* Doing this automatically is a desirable 
design feature. Actually# automatic restart is more 
beneficial to system availability than is. automatic 
failover* The latter function entails seme hardware 
and software complication and works only if the other 
computer system is available. * Failover aleo takes lon- 
ger. A few control centers have both automatic re- 
start and automatic Sailover* Most have automatic 
failover only. Definitely 1 worth, considering in: design 
is automatic restart only plus manual failover. ” 

The automatic restart routine ia designed for a 
certain number of re-tries. Prior to each trial pre- 
assigned areas of main memory would be dumped on disk 
or on magnetic tape for later diagnosis* A minimum up- 
time is also observed such that# after a restart# if 
the computer does not stay up for so many minutes# re- 
trials would not be attested. Obviously if the fall* 
ure is in the auxiliary memory automatic restart gquld 
not be initiated* Failover must be resorted to. 

After a failover from A to B, there ere some de- 
sign options as to what functions should be assumed by 
B. B could take on only the real-time critical func- 
tions that A had been doing and « aba n do n . all of the 
other functions* Or B could have all functions that 
were originally assigned to it plus all of A'*# as 
long as we accept a reduced response and availability. 
Now this second option ie not so bad if you have enough 
main memory in each computer* This ensures good res*» 
ponse and availability most of the time but gives you 
a slightly degraded performance during the times that 
the system is down to one computer* 

The system design should make it possible to 
operate one of the computers in a stand-alone mode for 
maintenance# testing# or large program development. It 
should also be possible to operate a computer in a 
pseudo-real-time mode with one console end a date-ac- 
quisition channel or two attached to it so that a pro- 
gram change or new program may be tested in e real- 
time environment* 

Bach half of the dual configuration need not con- 
sist only of one computer. As discussed previously# 
front-end computers could be used for date-acquisition 
thus enhancing the response times of the main computer* 
Figure 2a shows e dual configuration with front-end 
computers FBI and FB2. There are two possible schemes 
for failover* The simple one# ehoim in Fig. 2b is to 
consider FBI as an extension or slave of A and FB2 as a 
slave of B. The other failover scheme# shown in Fig* 
2c allows the front-end computers to be switched to 
either one of the main computers. 

Typically# the front-end computers axe Id-bit mini- 
computers of a size large enough so that either one can 
handle all of the data acquisition channels* the other 
would be a purely redundant backup. If the numbe r of 
channels (or remotes) increase beyond the e x pa n da bi lity 
of the minicomputer it would be time for a re-design 
with qj larger) front-end capability. One could at the 
outset divide the channels between FBI and F82 so that 
both are sharing the worfe Of data-acquieition . Such an 
arrangement ie shown in Figure 3a where both FB’snow 
have links with A and B. The failover scheme is show 
in Figure 3b* Since one minicosputer is not quite big 
enough to handle the entire data-aoquisition load then 
on a failure of FBI or FB2# the remaining mini would 
have to do everything in a degraded mode. 

There are other possible configurations such as 
those using multi-processors with shared memories or 
redundant high-speed data paths. Redundant S/D chan- 
nels are also possible# in fact desirable. And the 
concept of distributed processing in the sense of erne 
processor for one function has yet to be explored for 
control eenter application* With regard to distribu- 
ted processing# one should keep in mind the trade-off 
in complexity of hardware and software for automatic 
failover* 
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Fig. 3 - Dual Computer Configuration with Task-Sharing 
' Front-End Computers 

In spite of the many possibilities in computer 
configuration, the first-time user ‘can only choose 
from what the system suppliers have to offer. The sup- 
pliers cannot afford to deviate too much from a stand- 
ard configuration that they have already developed. 
Hence, even before a new set of specifications are re- 
leased to vendors one can generally predict the vari- 
ous computer configurations that would be proposed. 
Most of these configurations are based on a pre-con- 
ceived grouping of critical and non-critical functions. 
There is nothing wrong with this as long as the user 
has the same grouping in mind. Unfortunately this is 
not necessarily true. For instance, if one subscribed 
to the often-held argument that for real-time monitor- 
ing and control We must first of all have a reliable 
data base, one would consider state estimation to be a 
function as critical as data-acqulsltlon itself and 
would require that state estimation have the same avail- 
ability as data acquisition, AGC, and the man-machine 
interface. Hone of the currently offered configurations 
guarantee this kind of availability. One utility engi- 
neer has lamented the fact that although his company's 
modem control center had been authorised on the basis 
of improved system security, the security-related func- 
tions including state estimation had been relegated to 
the non-critical category. 

The Real-Time Operating System 

Superior hardware features in a computer system do 
not necessarily guarantee c od performance unless used 
effectively and to the overall system -advantage by the 
real-time operating system. One of the wore difficult 
problems of control center design and operation is ob- 
taining a computer with a well-designed, field proven, 
real-time operating system. 

Historically computer software has lagged behind 
hardware development by at least a year. This is still 
true with some of the new computers that are coming out 
on the market today. Also soma computers, not neces- 
sarily new, are not intended by the manufacturers for 
real-time application and therefore are not supported 
by any real-time operating system. 

The. industry picture so far shows i special opera- 
ting systems developed by vendors for an initial pro- 
ject and offered on subsequent projects; standard real 
time operating systems with slight modifications and 
with some enhancements to provide additional real-time 
features; real-time operating systems operating as a 
job under a general-purpose operating system ; and time 
sharing operating systems modified to handle real-time 
processing. The situation has improved recently. There 
are now come standard real-time operating systems with 
practically all of the features desired for a system 
control center. 

For a system control center, what is a good real- 
time operation? X would say one that carried out lta 
functions without unduly impairing system response. The 
less overhead the operating system takes, the better 
for the response* i 


Overhead Is incurred and hence response is affec- 
ted wherever there is a shared resource. Main »es»r$v* 
the I/O channel, subroutines and files are shared re- 
sources. Operating systems differ in the way they 
manage these resources. These are key features of an 
operating system which should also be considered in 
software design. 


THE MkH-K!&CHIN£ SUBSYSTEM 

In system control centers the man-machine inter- 
face or the display subsystem consists of CRT’s, dyna- 
mic wall displays, trend recorders, loggers, and alarH 
devices. 

The CRT Display 

The cathode-ray tub© (CRT) display has become a 
universal feature of system control centers. This is 
because the CRT display can provide practically all of 
the needed interaction with the human operator. While 
other forms of display may also be necessary in a sys- 
tem control room, these devices do not have anywhere 
near the utility or the wide-ranging power of the CRT 
as a device via which the operator can observe, analyse 
and control the power system. 

The CRT display should be designed to meet the 
needs for man-machine interactions in; power systems 
operation; control system diagnostics; software deve- 
lopment; and control system maintenance. Detailed 
discussions of these needs plus other CRT design con- 
siderations may be found in [22] and (23] . Specific 
CRT applications at various control centers are des- 
cribed in [5], 16], [24-23] « 

The CRT idaplay hardware consists basically of a 
color monitor, display generator with refresh memory, 
parallel interface unit to the computer system, cursor 
control devices, and standard keyboard. 

To ‘insure fast response, the rate of data transfer 
through the parallel Interface should be in the order 
of 300 kilobytes per second. The coaqputer architecture 
should have the facility for this I/O to take place 
concurrently with CPU processing. 

The use of special-purpose function keys should be 
held to a bare minimum. It is highly desirable to ad- 
here to the standard ger ^ral-purpose keyboard and to 
c. a or more of the standard cursor control options* 

The design of interactive procedures between the 
operator and the computer should be aimed at minimising 
the amount of manual inputs required of the operator. 
This is particularly essential in designing the input 
procedures for support programs such as the load flow 
or security analysis. The use of one-line diagrams 
both for input and output purposes is highly desirable. 
It should be possible for the operator to indicate spe- 
cific network . configuration changes toy simple opera- 
tions with the light pen on network diagrams. To be an 
effective and satisfactory man-machine interface, the 
display subsystem must have a response time of about 2 
seconds on the average, from the Instant .the operator 
makes a CRT selection to the time requested format Is 
completely on view. In the worst case, it is not un- 
reasonable to require a maximum response time of 5 sec- 
onds. If the power system is quiescent, response times 
of 1 second or less should be readily obtainable. 

The frequency of update of dynamic data on a CRT 
display depends on the purpose of the specific picture 
on view. For displays used by the system operator ana- 
log data may he updated every 10 seconds on the aver- 
age. Status data should be updated immediately after a 
change occurs. For displays used by prograauers and 
maintenance personnel the frequency of update could be 
as often as the data is scanned. Most of the dynamic 
data is real-time data and *<nce this is assumed to be 
resident in main memory updating taster than every 10* 
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seconds should not create a serious problem In over- 
head. The situation would be quite different if the 
real-time data base were in bulk memory off the I/O 
channel. 

It is desirable to be able to exercise all of the 
man-machine interface functions at any one of the re- 
dundant consoles. When the functions are broken up 
into dedicated, special-purpose consoles, problems of 
backup become more difficult to handle and the provi- 
sions .for redundancy become more costly. Having all 
consoles alike and each capable of performing all func- 
tions in the interface repertoire will make it possi- 
ble to operate the system even if only one console ware 
in working condition. 

The Dynamic Wall Display 

The dynamic wall display is intended to give an 
overview of the power system. The overview concept is 
best accomplished by a simplified representation pre- 
serving a s much as possible the geographical orienta- 
tion of the system. Details on the wallboard not only 
spoil the overview perspective but, actually, are best 
left to the CRT's. For example, there is no point in 
representing all the substation details including man- 
ual switches on a wall display when they can all be 
presented more effectively on the CRT* 

There are differences of opinion on the need for 
dynamic wall display at a control center. My own recom- 
mendation is to exclude the dynamic wall display from 
the control center requirements. It may be considered, 
as an option, if the cost-benefit ratio could be more 
attractive through, simplification and a reduction of the 
else to moderate dimensions so that geographical orien- 
tation could be peraerved. X would, however, recommend 
consideration of an electrostatic plotter/printer to 
provide in a few seconds, whenever wanted, a real-time 
snapshot of the entire system in graphic form. If, in 
addition to this diagram, something on the wall is still 
desired, a completely static representation, should be 
adequate. Again, it should be of moderate sire, as 
trying to cover an entire wall from floor to ceiling 
distorts the representation to a grossly elongated rec- 
tangle. 

THE SOFTWARE SUBSYSTEM 

The software in a control system may be divided 
into three categories i 

1. System software consists of: the real-time 
operating system) processors for assembly) 
compiling, loading and overlay structures, 
file management, system generation, utili- 
ty routines for debugging and testing. The 
system software is usually supplied by 
the computer manufacturer. 

2. Application software includes all the pro- 
grams which performs tasks for the operation 
of the power system, such as data-aquisition 
software, display software, software to im- 
plement various control functions, and opera- 
tion planning programs. 

3. Support software are programs used by support 
personnel for computer system monitoring, 
real-time diagnostics and debugging, main- 
tenance and testing. 

Application Software Development 

The software development cycle consists of three 
parts: analysis and design; coding and debugging; check- 
out and test. 

Analysis and design is the most important phase 
of software development and should be carried out as 
thoroughly as possible. Problems in coding, debugging, 
checkout and testing, and in maintenance, are largely 


attributable to a poor analysis and design. This ini- 
tial phase of software development specifies the in- 
dividual program modules, the inputs, outputs, tables 
used, tables updated, and the algorithms. Design de- 
cisions are made on the database structure and access 
method# table and file structures, data update require- 
ments, and backup requirements. All hardware-to-soft- 
ware and software- to-software interfaces are spelled 
out. Initialization procedures, CRT and logger mes- 
sages, maintenance requirements, test procedures, -and 
acceptance criteria are all specified. All this must 
be don e, reviewed, and agreed upon before one line of 
code is put on paper. All too often the natural ten- 
dency to get going and start coding gets the better of 
the software designers and the analysis and design ef- 
fort gets hurried through. This is an invitation to 
disaster. 

The coding and debugging phase typically should 
take less than 25 percent of the entire software deve- 
lopment work. Most of the real-time application soft- 
ware for control centers have been written in assembly 
language. However, the capabilities of Fortran for 
real-time use have improved and there is a growing 
trend toward more use of this language. Whatever lan- 
guage is used careful attention must be given to those 
program features which affect real-time linkages, res- 
ponse times, and program reliability. 

The real-time linkages of a program consist of: 
accesses to the database; I/O requests to use and/or up- 
date files j I/O requests for CRT display and logger mes- 
sages; program execution requests. Good response means 
{inefficient code, a minimum I/O, effective use of sub- 
routines, and proper use of interrupt control Program 
reliability means use of fail-safe logic, proper initia- 
lisation on system startup, evidence of timing prob- 
lems# invulnerability to bad parameters# control of 
possible arithmetic overflow, and proper handling of er- 
ror returns on I/O and program execution requests. 

The checkout and test phase takes up the rest of 
the software development work. The individual program 
is tested in the foreground in as complete a real-tima 
environment as possible. The real-time environment is 
built up gradually as each program is integrated into 
the system. When the entire system is put together, 
hardware and software, the individual program tests are 
repeated as part of the system checkout. The accept- 
ance tests complete the test cycle. The test drivers 
written for the indiv. lual program tests are kept for 
later use in system maintenance. 

Support Software 

There are two groups of support software. The 
first group consists of foreground diagnostic programs 
which are run on-line to monitor and control the perfor- 
mance of the control system. These programs provide' 
the following functions: 

1. Summary and control of remote station status: 

- On request, the status of the data-aoquisl- 
tion subsystem is displayed on the CRT. The 
display, which id dynamically updated, shows 
the scan conditions of each remote. Using 
this display it should be possible to place 
any remote off or back on the scan. 

2. Display of all data received from a remote 
station: - On the CRT, all data being re- 
ceived from a selected station may be viewed. 
This is a dynamic display and the data is seen 
as it changes from one scan to the next. Color 
is used to indicate when a piece of data is 
not updated or when it is out-of-limits. This 
function is very useful for checking data and 
for trouble-shooting programs which use the' 
database. 


13 


3. 3Suin«ftBB5nacnP data link errors i - A summary of 
aXXafidpdCof data link errors is kept on 
filtfiles^e summary shows the remote station, 
the tfcypd~.\o£ error, the number of times the 
errconhas occurred, and the times of the 
fir^ixc^tourrence and of the last occurrence. 
ThiSFhatecHaary is vi***able on the CRT. It is 
perljsdSta&Xy printt * out on the logger for 
revirawr&ap* maintenance personnel. 

4. 4)yn4J5temSisplay of activity in computer 
over^tlfrea : - This is a CRT display 
whi<tfh:Jfl5fc>vra dynamically what programs are 
in nfemcaryn executing or waiting for I/O, 
whaiwlpadD^ams called them, and what programs 

area^b&ag in the queue . 

■ ' ■■ ■ ■ ■" 

5. SdsphBQp&f main or auxiliary ^memory and the 
abila8tJfci4tfc> patch any memory locations: - 
WitWtftii^t: function an area of main or auxi- 
liai|dL4nqntory starting with a specified 
addzsritfrttaty be display cm the CRT. In 
thisttafesmer, tables or segments of pro- 
grangwodccmay be examined. The patch 
capatattflttty is useful for on-line debugging, 
p roqym c qxm s t ing , and an immediate correct 
tiontidh an erroneous condition. The patch 
on ttee ttaeline Bystem is intended to an 
intefailm measure until a permanent system 
revia&mfasban be made. 

6. Qn-Wm&tok&suxoBmnt of cos^puter system 
perfteonnfimcce : - This on-line function, 
somsedMdJknown as "software accounting" , 
gathpaltfietatiotics at specified time in- 
tervtdsvabout CPU utilisation, CPU idle 
timetiOtf) waits, number of X/O transfats, 
whatwfesbgpams have run and how often, etc.* 
ThisTlff tact ion may run automatically or at 
ope* aperdt request. The statistics are 
ueafUiefot evaluating system loading and 
perfpcmince. The impact of adding new 
pro gpamgraay also be measured by taking 
befobefeiid-after statistics. 

7* RumpDoSpreal-time data on tape: - Via the 
CRT COM bj?erator ca Initiate the dumping 
of seXese&d real-time data at specified 
timetimfeeJbvals on magnetic tape. The 
operaperafepeci f ies on the CRT the data 
to bSodbmped and the time interval. The 
duragpdooptinuas until the operator stops 
it b&tabp&T entry. The magnetic tape is 
latetaprtnted out on the line printer by 
an edited^ program on the secondary 
compoeeput 

. SeveSaSreeedtnol centers have some or all of the 
jpsnppfafccf Jxste imontioned above. Actually these pro- 
mat mwotownteeKdous value during the implementation 
thd etotroh tspAtem and not just after the control 
ltemnfcmzplacf&ata service. The system design should 
>r*ftat*£fci malddelauch on-line support programs. These 
>ulAcfe*d feempbmfcgd by the system supplier early in 
: imp! tepdttrtrhflliMtperlod so that the development work 
ad hd dmNwd p dedp. 

The iheomtognoup of support software consists of 
jggamgrfiom teystsm maintenance. These are off-line 
>gpUBq]MlRbctehdaim| used for updating files to match 
uitasiitssitHtm in the power system. A necessary 
Lef maintmriaitemasiibsystqa is one that updates all 
led tedmimd.alSMabmi man-machine interface. This in- 

which would allow a main- 
compose e CRT picture at a con- 
Le sail* fMbqhmm the compiler to generate the CRT 
ieoofie ttfe pdbaatgade and store it in the correct file 
?aUlmn£idfo ailrdjsteractive mode the maintenance pro- 


gram toil 1 step through whatever operator inputs are 
required to update all other tables related to the new 
picture. A good maintenance program design should 
minimize the amount of operator inputs. Other file 
maintenance subsystems may be designed for other fami- 
lies of programs, such as the SE, SA, and OLF group or 
th r - PiGCr EDC group. Although it is not necessary to 
ha e one overall file maintenance system to update all 
affected files in one operation, seme control centers 
have such a support program. ; . 

An interesting program is in service at General 
Public Utilities which allows updates of files on-line 
in the primary computer system [26] . This interactive 
program also updates application programs which are 
affected by the power system change or addition. 

People or the In-House Project Team 

The last, but certainly not' the least, of the 
elements of system control center design which We 
shall discuss in this paper is people. The correct- 
ness of a control center design and its successful 
implementation obviously depends on the people assig- 
ned to the project. It is absolutely necessary that 
this group include an "in-house" project team assigned 
full-time to work on the project from the time the 
project is authorised by management up to time that 
the control center has been turned over to the system 
operators and has been rid of major problems. 

The in-house team should have a combined background 
in power system engineering, digital hardware, computer 
application , and system operation. The team should have 
enough software specialists who can understand and deve- 
lop real-tiipa software. The team would be charged with 
the mission of becoming • thoroughly familiar with the 
control system and of making sure that it carried out 
the functions according to specifications. Specifica- 
tions, no matter how well written, cannot always be 
interpreted unequivocally * The individuals assigned by 
the vendor to translate the specifications into a de- 
tailed design may not necessarily have a full apprecia- 
tion of what the utility reaily has in mind for certain 
functions. Or the vendor may feel certain it has under- 
stood an item in the specifications and oh that assump- 
tion goj&s ahead with the design. Numerous problems a- 
rise in ' software design and Implementation. Real-time 
software has to be broken down into small modules and 
eat module is assigned tt an individual programmer. 
Hence, very rarely does a programmer know the full con- 
text or significance to system operation of the module 
he is working on. The purpose of the in-house team is 
to review very thoroughly, check, and 'approve all sys- 
tem interfaces and all detailed design specifications. 
In addition to checking j the correctness of the design 
with regard to the functions required, the in-house 
test would also check testing procedures, maintenance 
features, and the design adaptability to future needs. 

Close collaboration between the system contractor 
and the in-house project team is essential during the 
software coding and debugging phase. Interaction bet- 
ween the vendor and the team must be encouraged at .the 
programmer level and not just at the supervisory level. 
Such a rapport is readily achieved if the in-house team 
were doing some portion of the programming. X strongly 
recommend that the in-house team reserve for some of 
its members some of the programming effort. This not 
only gives valuable training but also givas the team 
members the ability to be of assistance to the vendor's 
programmers. 

In organising the in-house team, consideration 
must be given to the future work of system maintenance 
and enhancement. Specialists earmarked for key posi- 
tions in this future function should be part of the 
team from its inception. 


SUMMARY 

What has been presented in this paper is a des- 


Ik 
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cription of what a power system control center is in- 
? tended to do, how it should perform, what it consists 
^ of, and how it should be designed. 

As of this writing there are about 60 power system 
control centers in service or under development which 
have as a minimum, automatic generation control and 
security monitoring* About 20 installations in service 
have supervisory breaker control, less than 15 do se- 
curity analysis. St -e estimation is in service in 
control centers. For security analysis, the distribu- 
tion factor method is used in the older installations. 
Hewer centers with security analysis use or plan to 
use an on-line load flow method. The fast decoupled 
load flow is in use at one center. There are signs 
that this approach will be used in more future centers. 
Recent specifications for control centers now recog- 
nise a need for state estimation. * Whereas in the early 
investigations of this function .the approach favored 
meter placement to fit known algorithms, the trend is 
now to find the proper algorithm to fit the actual 
metering already installed or planned. 

Currently two methods are in use in medium to 
large systems: the AEP or * lines -only* method and the 

basic weighted least squares. The Kalman filter or 
sequential approach is in use for a very small network 
and has not as yet been installed for a large system. 
Overall, the implementation Of advanced application 
software is proceeding at a slow pace. 

Innovations in the hardware area are taking place 
at a little faster rate. There is a trend in the in- 
creased use of minicomputers , hew configurations with 
shared memory are appearing, and computer- communication 
networks are being studied. Although full-graphic color 
CRT's have been available there is still no significant 
movement towards their application. 

A control center should be designed and built for 
system operator. Admittedly, a control center has pres- 
tige value as well. And a utility is entitled to ex- 
ploit this aspect as liberally as possible. Still in 
the final analysis one should stand back from the im- 
pressive physical features and technical statistics of 
a control center and ask what actually does the control 
center do for operation. 

If a control center is inadequate to the needs of 
operation or performs very poorly when it is most 
needed, the system operator can take no comfort in the 
fact that he is housed in an architectural showpiece 
or that redundant coot tars are gathering thousands c 
data every so many seconds, when, in fact, little use- 
ful information is being produced and it Is taking for- 
ever to get a needed picture on the CRT screen. 

It is not easy to design, build, and maintain a 
system control center that will do the job well. But 
it can be done. With a well thought-out design, hard 
work, smart work, an in-house project team, and a bit 
of luck, it can be done rather smoothly. 
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INTRODUCTION 

Automatic Generation Control is the controlling 
link between the dispatch office and the generating 
plants that it supervises. The dispatcher* with the 
aid of the optimization and security analysis functions 
covered in companion papers,* decides on the correct 
level of internal generation for his system and con- 
tracts to purchase or sell power in order to meet his 
company v s load in the most economic manner. The auto- 
matic generation control' 1 function (AGO is assigned the 
responsibility of. adjusting generator outputs to meet 
the overall system objectives of: 

i> Regulating frequency to the scheduled value. 

ii) Maintaining net interchange of power across 
the company's boundaries at the value re- 
quired by the several interchange contracts 
in force at each insurant. 

The AGO system is a compendium of equipment and 
computer programs implementing closed loop feedback 
control of frequency and net interchange. Generator 
outputs, tie-line flows, and frequency are measured, 
compared with Setpoints, and adjusted to correct error 
in the controlled quantities. As with any feedback 
system, dynamic behavior is of prime importance. Cor- 
respondingly, the prime technical objective in the de- 
sign of the AGO system is the correct accommodation of 
the dynamic characteristics of the power system to 
achieve prompt, smooth, and stable maneuvering of gen- 
eration in response to system disturbances and changes 
of operating setpoints. 

This paper reviews the AGO function as implemented 
by a modem dispatch office digital computer system. 

TASK OF AGO 

Process Response Characteristics 
Load Sharing by Turbine Governors 

The most direct control influence on power system 
frequency and generator load distribution is exerted 
by the turbine governors. Each turbine speed (fre- 
quency, f) and power, P . , are related by a ^'permanent 
droop/ 1 Pw, where 

R, = Hz/MW (2.1> 

gi 

The sensitivity of system load to frequency is ex- 
pressed by a damping factor, D ^ , where 



Collective Action of All System Governors in 
Determining Variations of Average Frequency 



Role of Differences in Frequency of Adjacent 
Subsystems in Determining Net Power Interchange 
Between Them 


It may readilv be shown that a change in load will 
produce a steady- state change in frequency given by 


Af = 


AL 


Hal 


<D _ + 
eff \ff 


where 


<2.3! 


i— = -L» . i_ + 

R erf R 1 R 2 


(2.4', 


and 


off 


* P load 

~T~ 


MW/Hz 


AL = load change expressed in terms of addition*] 
(2.2) power at rated frequency, in MW. 


It is permissible for governing analysis purposes 
to assume that all turbine /generators rotate at the 
same (synchronous) speed. 2 This being the case, sys- 
tem acceleration and frequency are determined by the 
collective action of all governors as shown by Figure 
la. 


Normal practice is to set the permanent droop, R, 
of every governor so that a load change from zero tc 
rated output is associated with the same speed change. 
The value of this speed change is from 3 to S percenl 
in moat power systems. Figure 2 illustrates tb« 
steady- state relationship between load change, fre- 
quency change, and increase in power output provide* 
by governor action. 
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Figure 2 

Relationship Between Nominal Load Chang**, AL, 
Total Turbine Power Change, AP^, and 

Frequency Change, Af, Under Governor Action 


The power output increase of each individual unit 
under governor control is given by 

AP « — t— (2.5) 

Since the governor droops are set to an agreed per-unit 
value on the basis of rated turbine powers, a system 
frequency change would ideally change the outputs of 
all units in proportion to their ratings* This ideal 
is seldom attained because most load changes are so 
small in relation to the capacity of the system that 
some governors remain within their deadbands leaving a 
subset of the system’s total capacity to accept the 
load. The key point, nevertheless, is that natural 
governor action causes changes in electrical load 
to be distributed essentially in proportion to unit 
ratings . 

Figure la applies to a complete system without 
recognition of the eff ct of the load change on the 
constituent parts of its transmission network. Most 
large power systems are made up of a number of inter- 
connected subsystems with power flow across their 
boundaries being the subject of commercial interest. 
The basic dynamic load balance of Figure la may be 
restated as in Figure lb for the case of an individual 
subsystem within the overall interconnection. Here 
all units of the subsystem are viewed as rotating at 
* identical speed at all times, but the elastic charac- 
teristic of the electrical ties between subsystems 
allows the speeds of different subsystems to differ 
during transients. This viewpoint is acceptable be- 
cause only net power flows between subsystems are of 
concern to AGO* The steady-state frequency change 
. caused by a load change within this subsystem contin- 
ues to be given by the application of (2.3) with re- 
spect to the whole interconnected system. The change 
in the tie-line power flow follows from the natural 
loading distribution implied by (2*5)* The dynamic 
response of frequency and tie-line flow are determined 
by: 

i) The transient load response of the turbine 
governors and prime movers. 

ii) The elastic synchronizing effect of the tie 
lines . 


The representative form of the response to a load 
change within the subsystem with control action being 
contributed by governors only is shown by the solid 
curves in Figure 3. The high-frequency oscillatory 
component is associated with tie- line elasticity and is 
of interest to AGO work only in that it represents a 
noise component in tie- line power flow measurements. 
The slower .transient component represents the tran- 
sient behavior of th prime movers, while the final 
offsets of net interchange and frequency are the re- 
sult of the governor steady- state characteristics noted 
above, 



m line 

ROWER 

FLOW 

(NET INTER- 
CHANGE) 


P 4B 




FREQUENCY 

OCVIATION 


f 


Figure 3 


Variation of Internal Generation and Net 
Interchange Following Load Disturbance in 
Utility A 


Generating Unit Load Response 

The effect of key importance to AGO is the bal- 
ance between total generator electrical power and total 
turbine power within a given subsystem of the complete 
power system. Total generator electrical power is 
determined by the subsystem’s (e.g. , company’s) elec- 
trical load and the net power flow over the tie lines. 
Total turbine power, which the AGO system must match 
to the electrical load, is determined by the response 
of the individual prime movers to load control 
actions. 

All adjustment of generator power output is ef- 
fected by changing the turbine load setting. De- 
pending upon unit type, the load reference may be im- 
plemented directly at the governor, or may have boiler 
controls interposed between it and the governor* A 
typical load control arrangement is shown in Figure 4. 

The response of generator power to a change in 
governor reference is determined by the dynamic re- 
sponse characteristic of the turbine and energy supply. 
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* CASHED PORTION APPLIES TO SOME SYSTEMS USING 
turbine stage pressure FEEDBACK 


with the pertinent time constants being mea- 
sured in seconds. Load changes exceeding a. 
small band (say, 5 percent) about the initial; 
operating point must, however, be executed at a- 
rate far below that implied by the natural] 
small disturbance response. * 

b) The natural response of units with "boiler 
leading’ 1 control arrangements, where the. boil- 
er controls are interposed between the load 
reference and the governor, is generally deter- 
mined by the steam generation process, with 
pertinent time constants being measured in 
minutes. Hence, such units do not have the 
initial quick response capability normally 
associated with conventionally controlled drum- 
type steam units . 

c) The use of integrated boiler-turbine controls, 
depending upon specific design, results in 
plant response characteristics covering the 
whole spectrum between the forms a) and b) cov- 
ered above. 


Figure 4 

% 

Functional Block Diagram of Typical Turbine 
Controls 


The modeling needed to characterize this may range from 
a single time constant, in the case of a simply con- 
figured gas turbine, to the level typified by Figure 5 
which shows a model of a large drum-type boiler and re- 
heat turbine. 3 Careful consideration is needed to 
determine, for each plant type, both: 


1) The natural response characteristic as deter- 
mined by the form and time constant values of 
the principal transfer- function blocks. 

ii) Limitations placed on plant load change rate 
by thermal stress considerations (steam tur- 
bines), hydraulic surge (hydro plants), nu- 
clear reactor safety, and so on. 




Figure 5 

Dynamics of Turbine Power Including Boiler 
Pressure Effects 


While details need not be considered here, the 
breadth of unit response characteristics 3 that A6C 
must rocognize can be indicated by the following sum- 
mary of some principal unit characteristics: 

a) The natural response of drum- type steam units 
with "turbine leading 11 control arrangements to 
small load change requests can bo very rapid 


d) The initial natural response of hydro units is 
intermediate between the two steam unit ex- 
tremes covered above. The pertinent time con- 
stants are measured in seconds, but are longer 
than those pertaining to drum- type units. Most 
hydro unite, however, can change load at their 
maximum natural rate without restriction over 
their entire operating range. 

Figure 6 illustrates these general forms of prime 
mover loading response. 


67* LOAO CHANGE 



SO% LOAD CHANGE 
REQUEST 



DRUM TYPE STEAM-TURBINE LEADING 




STEAM UNIT - BOILER LEADING 



Figure $ * 

Variation of Unit Response Time with Unit 
Type and Magnitude of Requested Load Change 


Basic AGO Actions 

The control objective of AGC may bo illustrated 
with reference to Figure 7. Subsystem $, a member of 
the interconnected system, is committed to maintain net 


m 





interchanges of power, P^, P g ^, and with its 

neighbors* Since th<^ routing of power is not to be 
controlled, the subsystem can meet its commitments by 
maintaining a net outward interchange power flow of 
(P Ad + while simultaneously holding its own 

frequency at the scheduled value* Each subsystem in 
the interconnection has % similar generation control 
requirement* The subsystem enclosed by a net inter- 
change boundary is referred to as a control area * 



Figure 7 


It should be noted that this control error re- 
quires each control area to measure quantities only at 
its boundaries and requires no intelligence on external 
conditions or on internal loads. 

The parameter, is called frequency bias * As 

shown in Reference 4, a steady-state analysis' may be 
made to find a value c. such that each AGO system 

produces steady-state generation changes only when they 
are needed to compensate for a change of load or inter- 
change schedule within its own control area. It is 
emphasized, however, that the power system is seldom, 
if aver, in the steady state, and that the AGO system 
must be designed to respond correctly to dynamic vari- 
ations in ACE. In view of this, dynamic rather than 
static analysis should be used as the basis for the 
overall design of the AGC system and like other 

parameters, should be viewed in terms of its effect on 
system dynamic bc-havior. 5 

The AGC system is working correctly when the in- 
evitable and continual variations of net interchange 
error and frequency error are held within acceptable 
bounds by plant output adjustments that are within 
thermodynamic (or hydraulic) limitations and are ac- 
ceptable to the plant operators . 

The control of generation to meet AGC objectives 
involves action at three levels as follows: 

First - the required individual generator out- 
puts having been determined, their load 
reference setpoints must be manipulated 
to achieve these outputs. 


Interchanges Between a Utility, S, and 
its Neighbors 

Now, without AGC, any load change or other dis- 
turbance within the control area will result in the 
majority of the required power increment being supplied 
by the interconnection via the tie lines according to 
the natural governing characteristic, as illustrated 
by Figure 3* This will drive the net interchange away 
from its scheduled value. 


Second - given a set of scheduling rules, the out- 
puts requested of individual generators 
must be determined so as to meet the ob- 
jective of zero ACE. 

Third - the generator loading rules must be up- 
dated continually to recognize optimum 
dispatch principles, boiler-turbine load 
changing limitations, and transmission 
security* 


The principal objective of an AGC system is to 
adjust the load reference settings of units within the 
control area to override the natural governing effect 
and hold net interchange and frequency at their sched- 
uled values. The additional task of AGC is to ensure 
that each control area contributes its proper share to 
the system generation adjustments needed to hold sys- 
tem frequency at scheduled value. 

AGC is, then, a reset control action superimposed 
over the natural governing action to cancel steady - 
state deviations of net interchange and frequency. The 
desired effect of AGC is shown by the dotted curves in 
Figure 3. 

Since frequency .is equal at all points of the 
interconnection in the steady state, this common con- 
trol objective can be maintained by having each utility 
control its generation independently to achieve a zero 
steady-state value of a quantity termed Area Control 
Error , ACE. 4 * 5 ACE is defined, for each control area 
by:. 

ACE = Net Interchange Error ♦ * frequency error (2.6) 

For the case of Figure 7, ACE is given by: 

ACE « (P M * P M ♦ P^) - (P A + P B + P c > * BjW (2.7) 


Normal variations of system load and normal oper- 
ating disturbances require the control actions in the 
first two levels to occur on a 3econd-by-second basis, 
while the third level is required to revise the loading 
rules at intervals ranging from a few minutes (in most 
U.S, companies) to hours* Se cond-by -second actions 
at the first two levels are handled by the AGC system. 
The third level of action is discussed in companion 
papers. 

STRUCTURE OF THE AGC SYSTEM 

AGC Elements 

The simplest AGC system would be that needed by a 
utility with one generator and one interconnection 
point. The principal elements of such an AGC system, 
as shown in Figure 8, are: 

i) An inner loop using controller, L(s), which 
positions the governor reference to achieve 
a desired generator power output. 

ii) An outer loop using controller, K<s>, to alter 
the desired generator power output in response 
to changes in ACE. 






The detailed design and construction of AGC equip- 
ment is influenced by the requirements of security and 
noise-free performance of the information paths between 
the widely-spaced measurement points, controllers, and 
generating unit. Nevertheless, the general procedures 
for designing a control system of the form shown in 
Figure 8 are well recognized. Figure 8 may be reduced 
for analysis purposes to the block diagram shown in 
Figure 9. 



Figure 8 


Basic Form of AGC for System With Single 
Generator and Interconnection 

t-OAO Am CONTROL LOOP 

ALLOCATION 



Two-Loop Structure of AGC 


Good feedback system design practice recommends 

that: 

a) The inner controller* L(s), be set up to 
achieve prompt, stable following of the inter- 
mediate signal, by the output quan- 

tity, F g <s>. *** 



Multiple Unit Control Loops in AGC of 
Multiunit Control Area 


The inner control loop of Figures 8, 9, and 10 is 
called the Unit Control Loop while we shall refer to 
the outer path as the load allocation loop. 

Early AGC systems, developed in the 1950* s were 
based on the analog control equipment prevailing at the 
time. The disposition of equipment and the selection 
of signals to be sent between dispatch office and the 
generating units was determined in many instances by 
the availability and economics of analog tone telemetry 
channels. Analog AGC control schemes began to be 
superseded by all-digital systems in the mid-1960 • s and 
the use of digital telemetry, and digital computation 
is now the universal choice for new installations. 

The flexibility and security of modern digital 
data transmission allows the location at Which the con- 
trol loops are implemented to be selected on the basis 
of logical convenience rather than equipment economics* 
Present practice favors placement of both unit control 
loop and load allocation loop logic in the centralised 
dispatch office computer, since all the required data 
is already available in this location for independent 
reasons. It would be entirely practical* however, to 
implement unit control loops in individual small com- 
puters located at the generating units without chang- 
ing the fundamental organisation of the AGC process* 


b) Given proper performance of the inner loop, 
the outer controller K(a) should exert control 
of the output, P g , by adjustments of that 

are within the bandwidth that the inner control 
loop is able to follow. 

In a real power system with many generators and 
interconnection points, the simple system of Figure 8 
must be expanded to include several unit control loops 
operating in parallel as shown in Figure 10. It is 
vital to note, however , that the basic structure of 
inner and outer control loops remains unchanged; all 
that happens is that the single inner loop of Figure 8 
is joined by several parallel inner loops, one for each 
generating unit, while the design principle stated 
above stands. 1 


Unit Control Loop 


The unit control loop is a simple servo system 
whose task is to match generator output to a megawatt 
setpoint. While the equipment used to build the unit 
control loop varies between AGC system vendors* the 
transfer function achieved is generally equivalent to 
the basic reset arrangement shown in Figure 11a. A 
unit control error is computed and accumulated to give 
the load reference signal which continues to be ad- 
justed until measured generator output matches the set- 
point. One representative mechanisation of this loop 
is shown schematically in Figure lib. The operating 
sequence of this loop recurs at intervals of two to 
four seconds and is as follows: 












i) The unit control program is started in the 
AGO computer. It picks up the generator 
power setpoint from the load allocation loop 
program and the actual generator power from 
telemetry tables. The unit control error is 
computed as 


UCE = K (P a 

u des 


“V 


( 3 . 1 ) 


ii) The unit control program generates a request 
to drive the governor control motor in the 
raise or lower direction by a specified 
amount and sends this request in digitally 
encoded form to the telemetry system. 


c) The required resolution and response rate does 
not require a large number of bits for the 
raise/lower message. 

The basic minimum message format uses two bits and 
is able' to request a single quantum of raise or lower 
motion as shown in Figure 12, Such a simple scheme 
would impose a fixed relationship between control res- 
olution, maximum rate- of -change and unit control loop 
repetition interval. If resolution of x percent is 
needed, the worth of one governor motor motion request 
must be x percent of unit output. Then if telemetry 
retransmits the message every T seconds*. the maximum 
possible rate of change of generator output is 


iii) The next telemetry outgoing transmission 
carries the request for movement to generat- 
ing unit controller. The unit controller 
closes the power contactor of the governor 
reference motor for a preset time, usually 
a fraction of a second, to accumulate the 
requested raise/lower step onto the present 
reference position. 



Figure ila 

Simple Reset Form of Unit Control Loop 



Figure lib 

Digital Computer/Telemetry Implementation 
of Basic Unit Control Loop 


The resolution and rate-of-change capability of 
this scheme are determined by the number of bits used 
to transmit the raise/lower signal. An "ideal” ar- 
rangement would be to transmit the computed UCE di- 
rectly to the unit controller as the raise/lower sig- 
nal, using the same number of bits as used to compute 
UCE. While this approach may be practical in a few 
specialized applications where the unit controller 
includes a small computing unit* it is not widely 
favored because : 

a) It would require an elaborate and expensive 
decoding capability in the unit controller, 
and would not be compatible with many existing 
unit controller designs. 

b) There is an incentive to minimize the number of 
bits used for the AGC raise/lower message so 
that a single digital data channel of limited 
baud rate can be shared with other telemetry 
functions, or be "party-lined" to several gen- 
erating units. 


~ percent per second. 

A 1/4 percent resolution and 4- second repetition .in- 
terval then gives a maximum rate-of-change of 


25 

— ~ x 60 » 3,75 percent per minute. 



Approximation of Calculated ACE by Digital 
Signal Composed of Limited Number of Bits 


This is a reasonable rate- of -change limit for sus- 
tained load ramping of thermal generating units, but 
is unrealistically restrictive for regulating purposes. 
Steam units can be maneuvered very rapidly over the 
limited range of 5 to 10 percent of their output, and 
most hydro units can move at a much higher rate over 
their entire no- load- to-full- load range. To take ad- 
vantage of this the unit control loop should be able 
to move the governor reference signal at a rate of 
10 to 15 percent per minute. 

Such a rate of change capability way be achieved 
while retaining the previously mentioned resolution 
and repetition interval by adding one or more bits to 
the basic two-bit telemetry message format to allow 
specification of the amount of governor motor motion to 
be produced by each request. 

The final format of the telemetry message and the 
logic by which the governor motor motion request is de- 
rived from the calculated unit control error is limited 
only by the ingenuity of the individual AGC vendors . 
The form of telemetry message and unit controller logic 
used to transmit AGC instructions and translate them 
into load reference changes must be expected to evolve 
continuously as manufacturers produce new telemetry 
equipment and as turbine governors make increasing use 
of digital control technology* 





prerequisite tor the application of the AGO load al- 
location loop. 

Load Allocation Loop 

As indicated above and in figure 10 * the outer- 
loop of the AGO roust manipulate the unit control loop 
inputs in such a way that the present system genera- 
tion is raised by an amount equal to ACE; ACE being a 
statement of the additional generation needed to re- 
turn the net interchange and frequency to 'scheduled 
values. 


A simple arrangement for determining unit control 
loop setpoints* P, at any instant is illustrated 
in Figure 13, Inftiis arrangement* ACE is added to 
the present total system generation and the new total 
is allocated according to a set of '’splitting factors’* 
to the several generating units, While this load 
allocation scheme would give a workable AGC system, it 
would not satisfy several key requirements of AGC, Its 
principal drawbacks are: 

a) It is poorly suited to the economic allocation 
of generation because economic loading rules 
are inevitably nonlinear and, hence, would re- 
quire the splitting factors to be updated fre- 
quently as functions of total generation, 

b) It forces the steady-state gain of the outer 
loop transfer function, K(s), to be unity, even 
though the optimum gain for effective regula- 
tion may he greater than unity. 


c) It forces the allocation of ACE to be made in 
the same proportions as the allocation of base 
generation. 


AC t ‘ - 



Figure 13 

Simple Allocation of Total Load to Unit 
Control Loop Setpoints 


The move widely used method of load allocation is 
a linearization of the exact economic loading rules to 
express each unit’s output in terms of a "base point", 
P, ,, and a "participation factor", a,, as shown in Fig- 
ure lh. The participation factors are normalized so 
that la^ * 1, and, hence* the allocation of the re- 
quired total generation is given by 


P desi * P bi + (EP gi + ACE “ LI> bi )<s i 


(3.2) 


This method of load allocation allows the AGC and 
optimum dispatch functions to be linked by having the 
economic dispatch update the W P^ W and "a" values at 

intervals of about 5 minutes, or whenever the condi- 
tions of the old linearization become invalid. 


Since the summation of a. is unity, the alloca- 
tion (3.2) still gives a net gain of unity in the outer 


loop of Figure 9, It is therefore common to provide 
one or more additional load allocation paths to in- 
crease the gain with which ACE is applied to the gen- 
erator outputs, as illustrated in Figure 15. Such 
additional paths may use allocation factors, that 

are different from those determined by economic load- 
ing rules. The generator power allocation In this case 
becomes 


P. . « K. t (IP , + ACE - EP. >) a. + b. 
desx bx gi bi x i 


ACE 


(3.3) 


= P. „ + (IP . - IP. - ) a. * (a. + b.) ACE 
bx gx bx i xx 


The value of the summation of the Ik factors de- 
pends' on the gain desired in the outer loop transfer 
function, K(s) v of Figure 9. 



Figure 14 

Allocation of Unit Outputs According to 
Base Points and Participation Factors 
Determined by Optimum Dispatch Calculation 



Figure 15 

Use of Two Allocation Paths in Parallel to 
Allow ACE to be Allocated with Net Gain 
Other than Unity, and with Distribution 
Other than Economic Distribution 

The most commonly cited reason for assigning dif- 
ferent values to the a, and b. factors Is that the reg- 
ulating capabilities of generating units arc not neces- 
sarily in proportion to their economic participation 
factors - In fact, low operating costs are usually 








with large steam or nuclear units which are 
much less tolerant of maneuvering than are smaller 
units having higher running costs. It is quite common, 
therefore, to find a unit being assigned a relatively 
large value of a* and relatively small value of b., 
and vice versa. 1 * ' l 

Secondary allocation paths as characterized by the 
factors, b., may be xxsad to obtain temporary strong 
corrective 1 action by t, o AGC system in emergencies. 
This may be achieved, for example, by using two inde- 
pendent secondary paths, having sets of unit allocation 
factors by and with the first path being ac- 
tive at all times and the second being active only 
when ACE exceeds a suitable threshold value. The terms 
"emergency action 1 * and "assist action" have been used 
to describe this form of supplementary load allocation. 

* 

It will be noted that the scheme shown in figure 
15 allocates the system load entirely on the basis of 
optimum dispatch when ACE is zero. The occurrence of 
an upset, say a load increase, will create a nonzero 
ACE. This ACE will be allocated according to the sums 
(au +b.), hence increasing generation and canceling 

itself. When ACE returns to zero, the new total gen- 
eration is again allocated on the basis of optimum 
dispatch only. 

AGO Refinements 

Relation to Basic Elements 

The basic elements described above represent the 
core of the AGC system. The implementation of any AGO 
system within a digital supervisory control system re- 
quires that tie flows, frequency and generator powers 
be measured, telemetered at the required interval of 
two to four seconds, and fed to subroutines executing 
the unit control and load allocation loop calculations. 
It also requires that the outgoing raise/lower signals 
be telemetered out to the units on completion of each 
AGC subroutine execution. 

Execution of the AGC subroutines, once telemetry 
requirements have been handled, consumes only a small 
fraction of the capacity of a typical dispatch office 
computer. Hence, once the basics have been provided, a 
bread range of refinements may be added to the AGC pro- 
cess by the simple addition of code to the AGC sub- 
routines of the central computer. The following para- 
graphs summarize some of the refinements found in up- 
to-date digital AGC systems. 

ACE Filtering 

,/ 

The most important refinement of the basic pro- 
cess is the filtering of the ACE signal to avoid un- 
needed control action. 7,8 ACE contains a strong ran- 
dom component, corresponding to random variations of 
load and may also contain significant components at the 
natural frequencies of rotor angle oscillations. The 
frequency band of these variations in ACE extends right 
through the bandwidth of the AGC system, hence favoring 
a nonlinear filtration process which can reject varia- 
tions of ACE on the basis of both magnitude and fre- 
quency. 

Rejection of small high frequency variations may 
be handled by standard linear filtering. Additional 
logic is needed to recognize that small values of ACE 
do not require control action, even when they are with- 
in the AGC bandwidth and have been passed by high fre- 
quency cutoff filtration. One way of avoiding exces- 
sive control response to small values of ACE is illua- 
tra ed y Figure 16. This form of filtration recog- 
nif st?: a large value of ACE is a fair indication 


of a significant event and that control action should 
begin immediately, while small ACE values generally 
Indicate that all is normal and that control action may 
reasonably be delayed. Filtering action of the genei*al 
type illustrated by Figure 16 should be accompanied by 
logic to ensure that any persistent offset in a se- 
quence of ACE values falling below the threshold of 
Figure 16 will be detected and passed through to the 
load allocation process. 

References 7 and B give details of two ACE filter- 
ing schemes meeting these general objectives. 



taken 

F igure 16 

Nonlinear Characteristic Rejecting Control 

Action in Response to Small Values of ACE 

Co mmand and Permissive Control 

The straightforward implementation of the two-loop 
control structure described in the preceding |wo sec- 
tions allows the load of any unit to be changed in 
either direction at any time. This form of control 
action is termed I "command” control in the AGC context. 

An alternative to command control is the "permis- 
sive" form of control- 1 ' in which the raise/lower sig- 
naling logic can generate raise signals only when ACE 
is positive and vice versa. This method of control is 
claimed to reduce the control activity of the generat- 
ing units since it can adjust their loads only in the 
direction required to reduce the value of ACE. 

Pure permissive control has the disadvantage that 
it impairs the ability of the AGC to handle the valid 
and important situation where the load of an individual 
unit must be adjusted in opposition to the trend of 
system load and the load of other units. This need 
arises, for instance, when a large efficient unit is 
returned to service during a period of flat or declin- 
ing system load and is to be brought up to full load to 
displace the output of other more expensive units. 

The ease with which digital computers accommodate 
changes in control logic makes 1 t quite practical to 
take advantage of the strong points of both command and 
permissive control methods. One approach, for example, 
operates on a command basis allowing both raise and 
lower requests, while ACE is small but switches to a 
permissive arrangement when ACE exceeds a suitable 
threshold. 



Rate Limiting 


Rate limiting in the unit control loops is highly 
desirable but is complicated by the nonlinear response 
characteristics of the rnajority of generating units*- 
Rate limiting logic should recognize the following fac- 
tors : 

i) The quantity to be rate limited is actual 
generator output, not load reference* 

11) The relationship between load reference set- 
ting and unit output may.be highly nonlinear,, 
including both flat spots in the steady* state 
characteristic and varying transfer function 
lags * 

iii) The permissible rate-of -change of actual unit 
output depends upon the immediate past his- 
tory of load changes of that unit* 

In view of these factors, the rate limiting of the 
unit control loops should bo implemented by giving the 
loop the capability of moving the load reference at a 
rapid rate an^J by inhibiting this capability only when 
actual unit output is observed to exceed its permissi- 
ble rate-of -change . 

Non- Following Detection 

because rate limiting of the type described above 
can move the load reference quite rapidly, it is essen- 
tial that the unit control loop be able to inhibit 
transmission of raise/ lower signals promptly when: 

i) The unit is taken off automatic control at the 
, plant . 

ii) The output of the unit fails to follow the 
load reference within a reasonable tolerance 
while in automatic control model* 

The first condition may readily be accommodated by 
telemetering the status of the control-room control 
mode switch to the AGO computer* Failure to follow 
while in automatic mode may be detected by comparing a 
quantity such as integrated unit control error with a 
set of reasonable bounds* Detection of failure-to- 
follow should produce an operator alarm, deactivation of 
the unit control loop and reassignment of the economic 
dispatch parameters and for the units remaining 

under automatic control. 

Provisions for Telemetry Failure 

While the non- following detection logic provides 
a degree of protection from incorrect operation in the 
event of telemetry failure, the AGC function should be 
advised of telemetry failures by the telemetry- driving 
software and should be able to adapt its operation 
automatically. The telemetry remote station or con- 
troller at each generating unit, as well as the central 
computer, should be able to detect loss of telemetry 
inputs* stuck contacts, and other likely causes of 
erroneous operation* While the details of telemetry 
failure detection depend on the specific structure of 
the equipment, the AGC logic should be able to respond 
to failures by: 

0 Suspending operation of an individual unit con- 
trol loop. 

0 Suspending all AGC action. 


# Continuing AGC action with certain telemetered 
data items being replaced by manual data en- 
tries 4 

* Informing the operator whenever its mods of 
operation is altered or requires alteration* 

Alternative Control Modes 

The AGC system should recognize that system dis- 
patch often requires generator loading to be controlled 
according to criteria other than economic operation and 
cancellation of ACE. The AGC should, correspondingly, 
be capable of controlling each unit to a power set- 
point, , determined according to a variety of spe- 
cial criteria. This can readily be accomplished in the 
schemes described above by accepting the input signal, 
? des* unit control loop from an independent 

source rather than from the outer loop of the AGC. The 
independent source could be a manual separate entry by 
the operator or, as in the case of a preplanned load 
program, it could be an independent computer subroutine 
which calculates the desired unit power as a function 
of time of day. In cither case it will be noted that 
the unit control loops, by themselves, constitute an 
effective control system for generation not falling 
within the realm of classical AGC requirements. 

AGC TUNING AND PERFORMANCE 
Operating Realities * 

The overriding concern in evaluating AGC perfor- 
mance is its influence on the power plants that it con- 
trols* The plant maneuvering that It produces must, 
above all else, be gentle and reasonable from the view- 
point of the plant operator. Any attempt by AGC to ex- 
ert sudden control actions, or actions that appear to 
him to be arbitrary, creates immediate difficulties for 
the operator who must continually anticipate required 
changes in status of feedpumps, coal mills, oil guns, 
and so on to keep the plant operating safely. This im- 
plies that only simple control strategies will be ac- 
cepted in AGC, and that smooth well-damped response is 
preferred over rapid neutralization of ACE* 

AGC is a well-understood control process applied 
to a system whose response is well understood in prin- 
ciple but widely variable in detail. Because it must 
accommodate wide variations in system response charac- 
teristics, must work with inputs containing significant 
noise components, and must give inherently smooth re- 
sponse, AGC systems should be tuned for slow reset ac- 
tion with an overall low- pass filter form of response. 

Immunity from noise effects is best achieved by 
tuning the individual subloops for Smooth, strongly 
damped response, hence assuring that each will function 
reliably by itself regardless of the validity of the 
action of the others. It is important that the AGC 
subroutines allow each individual unit control subloop 
to be tested and retuned individually at any time with 
the power system in normal operation. Tuning derived 
from optimal control theories and assuming that the en- 
tire AGC system is in service with valid telemetry data 
inputs is not acceptable ; a practical AGC system is 
likely to be called on regularly to operate on a "par- 
tial control" basis while some of its subsections are 
out-of-service* 

It is critical to note that practical AGO systems 


are strongly nonlinear for all magnitudes of distur- 
bance and that their nonlinearities are essential to 
their proper operation. As a result * simulation of 
realistic disturbances, followed by test observations 
during field installation, have proved to be the only 
viable way of handling AGC optimization work, of prov- 
ing new ideas* and of assuring safe performance. Simu- 
lation of the system : -nvironment that an AGC system 
will experience can be achieved with a high degree of 
realism, and it is usually practical to preset the ma- 
jority of the parameters , of a new AGC system on the 
br-,sis of simulations* leaving only key parameters such 
as overall loop gains to be finalized during commis- 
sioning tests. 

Currency of Telemetered Dat a 

AGC is a feedback control system «nd* as with all 
feedback systems, its stability and ability to react to 
changing inputs are sharply influenced by phase lags in 
the receipt of its measured outputs or in the transmis- 
sion of its control signals. 
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The optimum performance of the AGC system there- 
fore depends very heavily on the correct timing of the 
telemetry scan and control output cycles. 

Experience has shown that the complete AGC pro- 
cess, including load allocation and output of raise/ 
lower signals to the unit controllers, should be re- 
peated every two to four seconds. The receipt of tele- 
metered inputs, calculations, and transmission of con- 
trol signals by the generating units would ideally be 
instantaneous. This is impractical because the eco- 
nomics of digital telemetry schemes make it necessary 
to scan the many measurement points used by AGC on a 
sequential basis. Experience, again, has shown the 
AGC process to be tolerant of the input data age vari- 
ations that result from carefully coordinated and timed 
telemetry arrangements. It must be noted, however, 
that proper timing of the telemetry scan cycle and the 
execution of the AGC subroutines in the real-time op- 
erating system of the dispatch computer are essential 
to high-quality AGC performance. 

REVIEW 

The AGC system is a feedback control whose task is 
to hold a utility’s net interchange and frequency at 
scheduled values. The operation, design and tuning of 
this control can readily be understood on the basis of 
straightforward feedback system theory, with proper 
recognition of power plant dynamic response being the 
key consideration. 

AGC serves to link system optimum scheduling and 
security analysis functions with the power system by 
maneuvering generating units to their scheduled load- 
ings. This linkage is achieved by having dispatch cal- 
culations hand over new unit base point and loading 
participation factors at intervals, ranging from min- 
utes to hours, depending upon the utility* s particular 
scheduling needs. 

The overriding concern in the design and applica- 
tion of AGC is its effect on power plant operations, 
and up-to-date AGC systems include many special logic 
elements tailored to minimize unnecessary control ac- 
tion at the power plants. AGC is both an optimizing 
control during normal system operation and a first line 
of corrective action in emergencies. Improvements in 
the quality and flexibility of generation control are 
increasingly recognized as justification for the in- 
stallation of digital computer-based supervisory con- 
trol systems. 
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ABSTRACT 

This tutorial paper iscusses the state-of-the-art 
in implementation of economic dispatch and scheduling 
functions* The main attention is given, to approaches 
which have proven to be suitable and to trends which 
are likely to occur in the near future. 

INTRODUCTION 

During the last few years there ha$ been a wide- 
spread and increasing trend towards installation of new 
control centers for real-time monitoring and control of 
power systems. This trend has been preceded and accom- 
panied by a significant research effort which has been 
directed towards development of more sophisticated and 
comprehensive security and economy-oriented algorithms 
which could exploit the increased computation and data 
collection capability of the new control centers* 

The purpose of this paper is to provide a repre- 
sentative view of the state-of-the-art in energy con- 
trol center software for economic dispatch and schedul- 
ing. The paper will include a description of software 
which has been or is presently being implemented within 
several modern control centers and will also discuss 
future trends in the area of economic dispatch. 

The paper will not attempt to provide a comprehen- 
sive review and detailed comparison of the many algo- 
rithms which have been developed for economic dispatch 
and scheduling since several recent review and survey 
papers have covered this topic very vell^V* (2) # In- 
stead, the distinct approaches to economic dispatch 
and scheduling problems will be discussed and compared 
at the generic level. 

The overall objectives of economic dispatch and 
scheduling functions can be broadly stated as the 
scheduling of power from all available sources in such 
a way to minimise cost within some security limit. The 
scheduling process must ensure that sufficient energy 
and capacity is available zo satisfy load energy and 
capacity requirements. The process must operate with 
the constraints required for reliable, safe and secure 
operation. The sources available for scheduling may 
include different forms of generating sources such as 
hydro, thermal and nuclear as well as contractual inter* 
change sources* 

Historically, the overall problem of economic dis- 
patch and scheduling haa been decomposed into a number 
of subproblems Which concentrated on different time 
intervals (3) . Typically, the following subdivisions 
are considered : 

■ 1} Scheduling of resources on a weekly basis 
in advance for periods extending up to 
one and sometimes several years. 

11) Scheduling of resources on an hourly 
basis in advance for the next several 
days. 


iii) Scheduling o resources on a minute-by- 
minute basis* a static manner. 

The foregoing breakdown is a logical one which 
stems from the following utility operating character- 
istics: 

« System demand has yearly, weekly and 
daily cycles 

# Maintenance on units is normally per- 
formed in yearly cycles 

e Hydro inflows generally run 1ft yearly 
cycles 

e Nuclear refueling typically occurs 
once per year or several years 

Coordination between the subproblems is necessary 
to ensure that an overall optimum and feasible schedule 
is obtained. The longer time interval subproblems are 
naturally solved first, information and decisions re- 
sulting from their solution is then used in the solu- 
tion of the shorter- time interval subproblems. Figure 1 
illustrates the interactions between the functions which 
are performed within each of the different time frames. 
For completeness the shortest time frame which includes 
t the automatic control of the units on a second-by-second 
basis is also shown in Figure 1. 

The functions which are involved in a week-by-week 
optimization may include* 

e Maintenance scheduling 

e Fuel management 

e Weekly scheduling of hydro energy 

e weekly load forecast (often in form of 
load duration curves ) 

The functions performed for the hour-by-hour sched- 
uling includes: 

e Unit commitment 

e Hourly load forecast 

e Hourly scheduling of hydro energy 

e Transaction evaluation and scheduling 

The minute-by-minute scheduling of generation is 
performed by the economic dispatch program* 

In order to reasonably limit the scops and length 
of this paper we will specifically consider only those 
scheduling functions which concentrate on the two 
shorter time intervals i.e., minute-by-minute dispatch 


28 


■ : Y srtiadul^ng. The orientation of this .paper 

; u-c* ^uflirgy control center applications and thus 
*. ‘*ivorter time periods are of most direct interest. 
The weekly scheduling function* may be considered a* 
part of operations planning and these way or may not be 
performed using energy control center staff and facili- 
ties, The scope of the paper will also be limited to 
consider scheduling of thermal resources. 



Figure 1. Overview of Generation Scheduling , 
Dispatch and Control 


AM INTEGRATED SOFTWARE APPROACH 


Zn the earliest energy control center computers , 
economic dispatch and automatic generation control were 
installed as the two most basic application programs. 
With the expended capacity of computers and the in- 
creased concern and emphasis on economy and security, 
a growing number of additional functions and associated 
application programs have been developed end imple- 
mented in recent years. The purpose of this section is 
to provide a brief overview of the functions which may 
be imolestented within a modern energy control center to 
illustrate how the econosiic dispatch and scheduling 
programs are integrated with other application programs, 
this objective can be most easily achieved by consider- 
ing an example integrated energy control center soft- 
ware design structure which is representative of the 
state-of-the-art. The particular software design struc- 
ture has been implemented on the Wisconsin Electric 
Power Company Control Center and is in the pro- 
cess of being implemented on the Florida Power and bight 
Company and Deimarve Control Centers. 


A simplified block diagram showing the basic 
modules in the applications software design structure 
is given in Figure 2. 

The applications programs are divided Into five 
subsystems » 

e Data Maintenance 

e Real-Time Dispatch and Control 

• Energy Scheduling 

e Real-Time Network Analysis 

e Study Network Analysis 

The data maintenance subsystem runs off-line to 
enter and verify the considerable amount of fixed data 
required to support the applications program. The 
function of this subsystem is to simplify the manual 
data preparation tasks and to perform all possible 
error Checking, sorting, reorganisation, etc*, which 
will minimise the file access loading of the on-line 
programs . 

The real-time dispatch and control applications 
programs include: Automatic Generation Control and 
Economic Dispatch. Applications programs for super- 
visory control and data acquisition functions are also 
included within this category but are not discussed 
since they are only indirectly related to the scope of 
this paper. 

The energy scheduling subsystem, which Is of direct 
interest here, develops optimised economic plans for 
meeting system load plus reserve requirements during the 
next week of operation. It draws data from both the 
base data file and from real-time data obtained periodi- 
cally from the SCADA-AGC system. The basic functions 
performed within the energy scheduling subsystem are: 

# System Load Forecasting 

e Unit Commitment 

e Transaction Evaluation 

The system load forecast produces the hourly system 
load for up to one week into the future. The forecast 
is used as input for the unit commitm e nt program. The 
unit commitment program produces the hourly start-up and 
loading schedule which minimises the production cost for 
up to one week into the future . The program operates 
from the system load forecast output and the interchange 
schedule from either the SCADA data base or operator 
input. 

The transaction evaluation program is used to eval- 
uate economy transaction using the unit com mi t me nt re- 
sults as the base condition. Two levels of transaction 
evaluation are available, first the economy evaluation 
when units will not be permitted to be started up or shut 
down from the established base case. The second level 
analysis permits the recommitment of units and thus a 
new optimal commitment pattern. Alternative transaction 
schedules may be input by the operator. The program pro 
vides output defining the actual and marginal costs or 
savings associated with each alternative transaction. 

The Heel-Time network Analysis subsystem draws data 
from both the Base Data File and raw real-time data from 
the SCADA-AGC system. Its function is first to maintain 
the best possible steady-state model of the utility end 
its neighboring networks, and then to use this model as 
the basis for 1) computation of the system state by 
State Estimation, 2 ) computation of penalty factors for 
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Figure 2. Design Overview of Software for a Modern Energy Control Cantor 


' economic dispatch, 3) trending of bus loads to be used 
in forecasting future bus loads, and 4) performing both 
Steady-state security analysis and examination of the 
potential remedial actions when trouble is identified. 
The penalty factors are computed using the most recent 
real-time solution of the State Estimator and are used 
by economic dispatch and unit commitment programs to 
minimise system generation cost including the impact of 
transmission system losses. 

The Study Network Analysis subsystem uses data 
developed by the three subsystems to construct postu- 
lated network conditions for some future time* Then 
an optimal power flow program together with security 
analysis sad remedial action procedures identical to 
those of the real-time subsystem provide the ability to 
circulate a future network condition and examine both 
security and possible optimal operating strategies. 

The unit ccmSXnent program output, is used by the study 
network analysis subsystem for obtaining the operating 
status <on-iine/off-line) of generating units at future 
time intervals? The contingency remedial actiot. pro- 
gram assists .the operator in correcting system limit 
violations both When a real-time violation exists on 
the? system and when a violation would exist for one of 


the contingencies simulated by the security analysis 
program, rf generator rescheduling is recommended as 
a corrective action, then this may be enacted by adjust- 
ment of the economic limits for the ecortfmdc dispatch 
program. 

This section has provided a brief. overview of the 
application programs for a modem control -center In 
order to emphasise their integrated nature and to high- 
light the man nor in which the economic dispatch and 
scheduling programs provide support to and are sup- 
ported by other application functions. Thu rt.vnaiftder 
of this paper will discuss those programs which ere 
specifically the dispatch and scheduling functions, 
l,e* : 


* Economic Dispatch 
e System Load forecast 
Unit Commitificiit 
Transaction Evaluation 











ECONOMIC DISPATCH 


Function 


The function of the economic dispatch program is 
to allocate generation among the available on-line 
generating units so that the cost of supplying the sys- 
tem load including scheduled transactions is minimized. 
The allocation process must also recognize constraints 
with regard to reliable and secure system operation, 
e.g., adequate spinning reserve must be maintained and 
network security constraints must be observed. 

The major factors which are considered by the eco- 
nomic dispatch program include: 

• Unit Incremental Input-Output Curves 

• Costs of Fuel, Fuel Handling and 
Maintenance Charges 

• Network Transmission bosses 
Alternate Approaches 

The economic dispatch programs which are commonly 
installed today even in the most modern control centers 
almost invariably use algorithms which are based upon 
solution of the classic and well-known coordination 
equations W * 
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where the penalty factors which represent transmission 
losses are defined as: 


require that the gener- 
incremental cost of 
system load bus be 


Differences between economic dispatch programs 
usually occur in the exact manner by which the coordi- 
nation equations are solved and in the approach used 
for representing system losses. Most commonly the 
solution algorithm iteratively adjusts the value of 
lamda and solves the coordination equations until the 
sum of the generator outputs matches the system load 
plus losses. 

The calculation of the transmission loss penalty 
factors have been performed commonly by using one of 
several loss formulas which are calculated off-line 
and stored in the dispatch computer. Some limitations 
which exist with off-line computation of transmission 
loss formulae can be briefly summarised as follows: 

e The formulas assume a fixed network 
configuration and do not reflect any 
changes which may occur from the 
assumed condition. . 

e The » -coefficients are determined for 
a given operating point and assuror 
generators outputs vary with constant 
power factor and loads vary uniformly. 
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The coordination operations 
at ion be allocated such f:hat the 
delivering power to an arbitrary 
the same for all units. 


Of the above, the first item is the moat signifi- 
cant limitation since transmission outages can obviously 
have a marked effect on the penalty factors. 

Recently, several systems including those discussed 
in a previous section, have implemented or arc prepar- 
ing to implement real-time calculation of transmission 
loss penalty factors. In the software design described 
in Figure 2, the transmission loss penalty factors are 
calculated at periodic intervals of about 10 minutes. 

The calculation uses the most recent solution of the 
State Estimator program. Thus, the transmission loss 
penalty factors explicitly recognize the actual network 
configuration, as well as the voltage, generation and 
load conditions which exist on the system. The trans- 
mission loss penalty factor calculation is basically a 
subset of the optimal Power Flow Calculation, ft slight^ 
modified version of the power flow gradient calculation 
applied to the real-tisrwa network directly yields the 
transmission loss penalty factors for each unit. The 
problem can either be formulated as a sensitivity of 
generation changes to changes in system losses, or as 
a loss minimization optimization problem. Both ap- 
proaches yield identical formulation. Once the net- 
work configuration. State Estimator and optimal power 
flow programs have b&en justified for the system secur- 
ity the incremented computer burden and manpower effort 
for implementing real-time transmission loss penalty 
factors is quite small* This incremental expense can 
be justified by even the slightest savings in genera- 
ting costs as wall as ulir.dnation of the manpower effort 
which would be required to maintain and update the »- 
coefficients. 

The calculation of the transmission loss penalty 
factors at intervals of about 10 minutes is generally 
adequate due to the relatively small change which occurs 
in the penalty factors over this interval under normal 
operating conditions. The execution of the penalty 
factor program may also be initiated for a significant 
change in system .toad or a line or transformer outage. 

Data Require ments 

The data for classic economic dispatch consist# of 
three types: fix^d data, real-time data and operator- 
entered data. The fixed data which is entered by pro- 
grammer into the data base usually is comprised of: 

• Unit Incremental Heat Rate Curves j 

• Unit Fuel Type 

# Fuel Cost • 

» Unit Maximum and Minimum Output Limits 

• Transmission tazs Coefficients -‘ One 
of Several Sets 

The real-time telemetered data usually consists of: 

* Unit Status — On-tdne or Off-Line 

% Unit MW Outputs 

# Unit limits Set by Plant Operator (optional) 

If dispatch is performed using real-time penalty 
factors then, transmission loss coefficients are not 
required but a great deal of real-time network data is 
utilised instead. 
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Ti,;v 2 operator “entered data consists of: 

# Economic Limits for Unit Output 

e Unit Regulating Mode 

The unit economic limits enable the operator to 
maintain the unit with! a fixed range while it is under 
AGC* This my he desir^le due to transmission loading 
requirements or to maintain adequate regulating margin 
or spinning reserve. The ccaraaon operating modes for 
the unit are listed below: 

i) Economically Dispatched and Regulating 

ii) Economically Dispatched and iaon~R«gulating 

ill) Base Loaded and Regulating * 
iv) Base Loaded 

In the latter two modes# the base point for the 
unit is fixed at an operator- entered value and is not 
affected by the dispatch calculation. In modes ii) and 
iv}, the unit is not used by AGC for control of ACE. 

Computer Requirements 

The computer requirements for the classic economic 
dispatch are small both in terms of storage and tiitv*. 
Economic dispatch is typically performed periodically 
at 3-5 minute intervals and occasionally on demand; 
such as when load changes by more than a certain amount, 
a change in unit status occurs or an operator request 
is made. The convergence of the Lauda iteration algor- 
ithm is generally well-behaved and fast for normal heat 
rate characteristics. The solution speed is further 
assisted by the fact that the load changes between dis- 
patch intervals are usually small. 

The computer time and core requirements for the 
algorithm will increase somewhere between linearly and 
quadratics lly with the number of units. If penalty 
factors are computed for every iteration of the algo- 
rithm then the dependence will tend to be closer to 
quadratic . 

Overall# the algo* fchrn requirements are small 
enough so that other factors such aa whether the pro- 
gram la disk or core resident will largely determine 
the computer loading requirements. 

Security Constraints and Economic Dispatch 

The classic approach to economic dispatch Which is 
based upon solution of the coordination equations does 
not recognise the constraints Imposed by safe and secure 
operation of the transmission system. The transmission 
constraints which are most iiqportant with respect to 
dispatch of real power are limits on bus angle differ- 
ences# line MW flows and line current flows. Safe and 
secure operation of the power system requires that 
these constraints be satisfied under existing as well 
as a selected set of contingent conditions W. Xt 
there is an existing overload then the system is in an 
emergency state and it is essential that prompt correc- 
tive action be taken by the dispatcher to alleviate 
this condition. The thermal inertia of equipment means 
that a short time period for corrective action is usu- 
ally available. 

If examination of a certain contingency shows that 
this would cause an overload then the system may he f 
regarded as being within a normal but insecure state ^ * . 
In the case of a potential or contingency overload the 
dispatcher has more time to take corrective action since 
the prospect of damage to equipment is not imminent. 


The dispatcher also has the option of not taking any 
corrective action if the severity and probability of 
the contingency do not warrant the cost and inconveni- 
ence .of corrective action. The detection of existing 
overloads Is most effectively performed using a state 
estimation program since this provides information on 
all line flows and bus angles. The detection of poten- 
tial overloads may be performed by the security analy- 
sis program which examines the effects of a selected 
list of contingencies. 

In the past several years a great deal of research 
and development effort has been directed to development 
of algorithms which incorporate security constraints 
into economic dispatch . The net result is that two 
new but different approaches are applicable to assist 
the system dispatcher in applying corrective action 
once an existing or potential constraint violation has 
been detected. 

in the first approach, which is incorporated in 
the design of Figure 2, the conventional economic dis- 
patch program is supplemented with a corrective resched- 
uling program. The corrective rescheduling program is 
a variation of an optimum power flow and is executed 
within the real-time network analysis subsystem. The 
function of the corrective rescheduling program is to 
determine an appropriate set of rescheduling actions 
which will alleviate the constraint violation with a 
minimum increase in operating cost. 

Rescheduling of generation and interchange may be 
considered for alleviating bus angle difference and 
line MW constraint violations. Voltage rescheduling 
may also be considered as an economically preferable 
action for relieving line current constraint violations. 
The system dispatcher will usually approve and enact 
the corrective actions. However, changes in genera- 
tion schedule can be enacted in a closed -loop manner if 
desired by resetting of the economic limits on units 
controlled by the dispatch program. 

In the above approach the corrective rescheduling 
program basically replaces the function previously 
performed by using distribution factors but in a much 
more comprehensive and convenient manner. 

In the second approach, the conventional economic 
dispatch program is replaced by a more general security- 
constrained economic dispatch program which can explic- 
itly recognize linear constraints on generator output® 

W , <1G) Whenever the state estimation or security 
analysis programs detect violation or near violation of 
a transmission constraint, the constraint is expressed 
as a linear function of the generator outputs. This 
constraint is then passed to the security-constrained 
economic dispatch program which will schedule generation 
so that the constraint is obeyed unless it la infeasible* 

The main advantages and limitations of the two 
approaches can be summarised as follows s 

e The corrective rescheduling approach 
can examine a greater range of correc- 
tive actions than just rescheduling of 
generator outputs. 

e The security-constrained dispatch algo- 
rithm responds more directly and faster 
in providing corrective action. 

* Execution of the corrective rescheduling 
program requires a relatively high amount 
of computer time compared to other real- 
time analysis programs. A response time 
of about 10 minutes between the initial 
dispatcher request to display of the appro- 
priate corrective actions could be expected* 


In view of this comparison , it would appear that 
the security-constrained di spa fcch program is most 
suited for handling line overloads which present a per- 
sistent operating problem and require generation to be 
dispatched accordingly. On the other hand, the cor- 
rective rescheduling program is more suited for use in 
a preventative mode for handling security constraints 
under a marc relaxed time frame- A combination of both 
programs could be used if desired to retain their re- 
spective advantages h the authors are not aware of 
any system which has done this. 

Uses and Benefits 

The primary benefit and justification for economic 
dispatch is in terras of the very significant savings 
which can be achieved in generating unit production 
costs. The main question which arises in implementing 
a new energy control center is not .whether economic 
dispatch should be implemented but how much effort 
should be made and what degree of complexity should be 
incorporated into the program. 

in the past, this problem has not been a signifi- 
cant one due to the fairly high degree of uniformity 
which has existed in the various approaches taken to 
provide installation of economic dispatch. 

As discussed in the preceding section alternative 
approaches to handling transmission constraints are 
now available. In the future, it is likely that several 
significant developments in economic dispatch will pro- 
vide further scope and variance in selecting the most 
suitable approach. 

Potential Developments 

Various alternative approaches and special features 
for economic dispatch which have potential for future 
application are discussed in the following paragraphs. 

Valve point loading of units has been considered 
as a means for obtaining production costs savings (11). 
Under this scheme as many turbines as possible are oper- 
ated at their valve points so that minimum throttling 
losses are incurred. Valve point loading requires that 
the valve position at any given time be determined from 
boiler -turbine thermal variables. Also special load 
prediction features nr ^t be provided in the economic 
dispatch program to U dement this scheme. Both of 
these problems appear tractable and are continuing to 
receive study. Consequently , it is quite likely that 
an economic dispatch program with valve point loading 
capability will be implemented in the near future. 

Historically, the problem of economic dispatch 
has been treated as a series of static optimizations 
in which production costs are minimised on an instan- 
taneous basis. The treatment of economic dispatch as 
a dynamic problem which recognizes the time-varying 
nature of the system load potentially offers several 
important advantages. Due to its static nature pre- 
sent economic dispatch objectives may be in conflict 
with the objectives of load frequency control. For 
example , allocation of generation on a purely economic 
basis may mean that insufficient regulating capacity is 
available for following load changes, particularly 
during periods of high load or rapid load changes. In 
order to avoid this conflict, regulating margin is 
commonly allocated by the system operator exercising 
judgment in setting economic limits on the dispatched 
units and for assigning certain units to a regulate - 
only mode. The allocation of regulating margin has a 
significant effect upon system performance. If too 
much regulating margin is assigned, then an economic 
penalty results? on the other ha ltd, if insufficient 
regulating margin is assigned then poor control results. 


The variety of procedures which are used for allocat- 
ing regulating margin by different utilities and even 
by different operators in the seme, utility indicates 
that greater coordination between economic dispatch and 
load frequency control is desirable. A systematic ap- 
proach for allocation of regulating margin could be 
included within a dynamic economic dispatch function 
which recognizes unit response rates and the time vari- 
ant nature of the load. A dynamic approach to economic 
dispatch Is also highly desirable to implement valve 
point loading in oraer to recognize the trade-offs 
between assigning units to valve points or to regulat- 
ing duty. A dynamic approach to economic dispatch can 
potentially recognize the costs associated with chang- 
ing the boiler -turbine operating point which are pre- 
sently ignored , However, a much batter understand- 
ing of these costs must be obtained before this capa- 
bility can be exploited. 

The installation of jointly-owned generation by 
utilities has been quite common due to the economic 
advantages of larger scale units. This practice has 
been pursued so extensively that some utilities now 
have a significant proportion of jointly-owned capacity 
which is installed external to their own control area. 
The regulation and economic dispatch of jointly-owned 
generation by each of the participating owners offers 
significant economic benefits as compared to hourly 
scheduling which is now common practice. 

An approach to regulation and dispatch of jointly- 
owned units by multiple participating owners has been 
recently developed and is currently being implemented 
by a group of four utilities in Iowa (13). 

LOAD FORECASTING 
Functional Description 

The basic function of a system load forecasting 
function is to automate the forecasting of the hourly 
integrated system load for the next one day to one week. 
The major use of the forecast is for operator informa- 
tion and use by the scheduling functions. 

Alternate Approaches 

In general, there are three broad levels of com- 
plexity which could be considered in providing this 
function: 

• Static Load Curve 

• Stochastic Model 

e Weather-Load Model 

The static load curve approach would be to input 
load shapes or permit the operator to inspect and re- 
cover prior days* load shapes and load values. The 
operator could then specify the peak and minimum load 
and have the load curves adjusted to fit through these 
points. In this mode the program would be a data hand- 
ling routine with very limited intelligence. 

The stochastic model approach would be an adaptive 
approach which would track the system historical load 
as it changes. This type of model would use only load 
data information with no weather date load modeling. 
Load would be forecast as an adaptable base component 
plus a residual component. 

The weather load model forecast would incorporate 
a stochastic model and a weather load model which could 
have various levels of adaptability. At one end of the 
spectrum would be a static weather load correction 
model for non-average weather conditions coupled to an 


adaptive stochastic model* At the other extreme would 
be a fully adaptive weather load model with an adap- 
tive stochastic model, 

Hie level of modeling is highly dependent on the 
variation of weather, and the relative importance of 
the weather load component of load. The weather load 
modeling problem is certainly non-trivial due to the 
correlation of the weather variables r and the nonlinear 
relationship between weather variables and load res- 
ponse. The first task to developing a fully adaptive 
program is to perform a weather load study to determine 
which weather variables at which weather stations have 
the most significant effect on load, and to model the 
weather-load relationship. Weather stations and weather 
variables would necessarily be limited to those which 
can be forecast, * 

Uses and Benefits 

Hie major uses of the forecast program are: 

e Operator Information 

• Input to Unit Commitment. 

The operator information is important in that the 
operator ravxew and evaluation establishes confidence 
in the results of Unit Commitment. The major economic 
benefit is derived from Unit Commitment. If the fore- 
cast program performs well in forecasting in particu- 
lar, the system peak, then a significant saving can be 
derived by operating with less margin. The forecast of 
the intermediate hours correctly will permit possible 
later startup and earlier shut-down of unit which can 
thus reduce the overall fuel consumption. 

D ata Requirements 

The input data is the historical actual load and 
weather data. The load data should be generated by the 
SCADA/AGC system with a manual capability. The weather 
data may be telemetered or may be manual entry. The 
operator must input the forecasted weather conditions. 

Computer Requirements 

Computer requirements for system load forecasting 
is generally quite minimal. This is due to both factors 
that the execution is only a small number of executions 
per day, and second, its computer execution requirements 
are quite minimal. 

UNIT COMMITMENT 
Functional Descripti on 

* The basic function of Unit Commitment is to find 
the minimal cost operating policy over a specified time 
period. Thu objective is to find the minimum total 
cost over the time period within a set of specified con- 
straints. Xn an operating environment, the optimisa- 
tion Is generally carried out on integrated hourly de- 
mand® for a period of one day to one week. 

It would be ideal if all combinations of unit could 
be examined for each hour, however, this in impossible 
for any reasonably sized system due to the tremendous 
number of possible combinations . For a system where 
there are n units for which a commitment choice must 
be made, the possible combinations for each hour is 
2n-l. 

The state space examined must therefore be limited 
to a more realistic search area. This is typically 
accomplished by limiting the number of st art-up se- 
quences alternates examined. For example , a single 


start-up priority sequence could be selected either by 
the user or by the program. This would reduce the num- 
ber of combinations to be examined each hour to the 
number of units for which a commitment choice must be 
made. 

The units are generally modeled as three unit types* 
must-run, cycling, and peaking. A must-run unit is on 
the system and generating at least at its minimum. A' 
cycling unit is a unit which the program must determine 
its start-up and ©hut -down sequence within a set of 
unit constraints and priority order. A peaking unit is 
typically a gas turbine which can be started at any time 
and is not subject to the priority sequence restriction. 

The Unit Commitment problem is a constrained optimi- 
zation problem. The constraints and the handling of the 
individual constraints will vary from utility to utility. 
The following is a typical list of constraints: 

• Unit Start-up Ramp 

• Minimum Uptime 

e Minimum Downtime 

e Unit Preferred Maximum 

• Unit. Preferred Minimum 

• Unit Actual Maximum 

# 

• Unit Actual Minimum 

m Unit Maintenance 

• Unit Deration 

« Total Generation Requirement 

• Spinning and Non-Spinning Reserve 

• \ Plant-Related S tort-up and Shut-Down 

Limitations 


In order to find the minimal cost operating policy, 
the program must perform an economic dispatch for each 
combination of units considered for each hour. The 
cost of the possible combinations for operating within 
the constraints for the hour are then combined with the 
feasible transition costs between hours to determine 
the minimal cost to reach each state. At the terminal 
hours for the study time period , the minimal cost path 
has been defined to reach each of the terminal hour 
states and thus the overall minimal cost path is the 
minimal of the terminal condition cost paths. 

A lgorithm Alternates 

The alternate approaches which exist are mostly in 
the area of limiting the combinations of units to be 
considered. The problems with alternate solution pro- 
cedures are the large numbers of constraints and the 
discrete nature of the problem? units are either off «or 
must be on at least at a minimum and , there is signifi- 
cant cost associated with operating at the minimum. 

The constraint problems and discrete nature of the 
problems cause difficulties for a gradient optimisa- 
tion procedure. In general , discrete problems and con- 
strained discrete problems are handled well by dynamic 
programming techniques. * 


e Fuel Constraints 



Uses and Benefits 


CONCLUSION 


The Unit Commitment evaluation procedure can have 
multiple applications within an EMS system* These ap- 
plications include: 

• Study Unit Commitment 

a Interchange Evaluation 

• Operations Review 

The Study Unit Commitment function is used to rec- 
ommend the least cost operating policy given the system 
load and proposed interchange. Interchange evaluation 
function is to evaluate interchange alternates and to 
determine the cost of such alternates. 

* 

The operating review function would be used to 
access the operating policies and to define new poli- 
cies in order to reduce operating cost, to access the 
accuracy of the model, and to evaluate the cost of 
restrictions Which were imposed on the system* 

The dimensionality of the problem, the large number 
of constraints and the discrete nature of the commit- 
ment makes it a very difficult problem to find the near 
optimal solution manually. A program facilitates the 
easy study of alternates and the effects of different 
interchanges, limits, fuel costs, etc. 

A major benefit of a Unit Commitment program is 
that very small percentage savings in fuel cost can be 
very substantial amounts which can be of the same order 
of magnitude as the annual carrying cost of an EMS 
system* 

Data Requirements 

There is a substantial amount of data needed to 
support a Unit Commitment program* The type of unit 
data required includes: 

• Unit Start-up Model Parameters 

• Incremental Heat Kate Data 

• Maintenance Parameters 

• Unit Generation Limits 

• Unit Start-up and Shut-Down Limitations 

• Unit Reserve Model Parameters 

• Unit Fuel Costs 

• Performance Factor 

The Unit Commitment interfaces with the other EMS 
functions to retrieve the hourly forecasted system load, 
and system loss penalty factors* 

Computer Requirements / 

Computer requirements for a run for Unit commit- 
ment can be quite extensive when compared to SGADA/AGC 
requirements, due to the reasonably large data handling 
and computational burden* For example, a one-week run 
may be in the area of more then one thousand times the 
computer requirement of a typical economic dispatch* 

The requirement per day, however, is compatible to the 
run time of a power flow of approximately ten times as 
many nodes as there are units in the Unit Ccwnitment . 


Significant advances in the state-of-the-art in 
system analysis and security analysis have token place 
in recent years. These advances have not yet fully 
translated into the economic dispatch and scheduling 
area. The basic approach to economic dispatch continue 
to be the classical solution to the coordination equa- 
tions within certain preset constraints. Hie advances 
in the accurate calculation of penalty factors and 
security constraint dispatch limits permit the implemer 
tation of real-time information to improve the economic 
and security conditions* 
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^stract 

This paper provides a primer for the Energy Control Center design- 
ed a comprehensive overview for utility management personnel 
at desire an understanding of the Data Acquisition and Communi- 
lions Subsystem for an electric utility Enemy Control Center, All 
peets of the subsystem are discussed: state-of-the-art hardware ele 
ents, design approaches, conf igurations, # software, data require- 
ents, and performance analysis. Considerations for the require* 
ems definition, design, and implementation phases are presented, 
'oblem areas are identified and potential solutions are offered, 
hije it is intended for electric utility control center applications, 
*e material presented is equally applicable to all types of control 
inters which require acquisition of data from geographically dis- 
ibuted locations. 

INTRODUCTION 

The Data Acquisition and Communications Subsystem (OACS) 
>s as its prime function the transfer of current statu* of the electric 
'stem from the field to a digitized data base in a Control Center 
impuier. Through use of that data base by Man-Machine and 
ppiications Software, the Control Center operators are able to mon- 
or and control the electric system according to company established 
derating procedures. The Control Center may be designed for 
lergy control, SCADA functions, or a combination of the two, 
CAD A Control Centers provide the typical function* of monitoring, 
>gging, and supervisory control. The Energy Control Center typicelly 
rovfdes for the functions of generation control, security analysis, 


study and logging applications and may also provide the SCADA 
functions. 

The relationship of the DACS to the Energy Control Center and to 
the electric system can be visualized in Figure 1. The DACS is the 
interface, the data and control path to the generating plant and sub- 
station equipment, to regional control centers, to neighboring utility 
control centers, and to a power pool control center. In short, it is 
the interface to the externa! world. From a hardware standpoint, 
the interface is composed of a communications interface between 
the computer subsystem and the communications circuits. The re- 
mote end of the communications circuit may be connected to pro- 
grammable or hard-wired logic terminal unit* or to other computers. 
The orderly transmission of data between the Energy Control Center 
and the terminals requires that communications line discipline or 
protocol be maintained, usually by mutual operation of the hardware 
and software. 

The Data Acquisition Software activates and controls the operation 
of the DACS hardware. It will request data from the various ter- 
minals as required to support the operational needs of the other soft- 
ware in the Energy Control Center. It will process all received data 
end create a data base which presents a digitized image of the electric 
power system and which is accessible by the other software. The 
Data Acquisition Software will also process requests from all other 
software for transmission of supervisory and generation control com- 
mands to remote terminals and for transmission of date/messages to 
other computer centers. 
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In some systems, data concentrators or unmanned sub-masters 
may be utilized to reduce communications costs by routing a num- 
ber of remote terminals through one larger pseudo terminal* Alter- 
nately, the same benefit can be attained by party-lining the remotes 
on one communications circuit* Regional Control Centers provide 
this function in addition to their normal role as the Supervisory Con- 
trol (SCADA) Center for the region* The interface to the Company's 
business computers can be used for billing or service functions* 

The purpose of this paper is to introduce the reader to the funda- 
mental requirements for the DACS and die design approaches that 
might be used, The material presented includes an overview of the 
design of a DACS, descriptions of the hardware elements and of the 
software functions. System performance and several design studies/ 
trade offs are discussed. The discussion presented herein is intended 
to expose design options rather than a single design approach. It is 
oriented to the questions - What to consider in defining require- 
ments? What hardware techniques are available? What are the 
software functions? The information presented is applicable to the 
utility that intends to provide the systems entjineerlng/intagration 
function as wed as for those utilities (the majority) that will procure 
the system from one of a number of qualified suppliers. 

The detailing of equipment specifications are not within the scope 
of this paper. Reference 1 is recommended reading for all involved 
in the specification or design of a Data Acquisition and Communi- 
cations Subsystem. 

SUBSYSTEM DESIGN OVERVIEW 

There are many options at the system level that have impact on 
the requirements for the DACS. is the Energy Control Center to be 
interfaced directly to the Remote Terminal Units or will the Inter- 
face be to regional SCADA Control Centers? Does the Energy Con- 
trol Center interface to other utility Energy Control Centers or a 
Power Pool Control Center? Are the utility's off-line computers to 
be used? It should be obvious that before meaningful design of the 
Data Acquisition Subsystem can begin, the system level design con- 
cepts must be formulated. 


It is important to understand that the requirements of the Appli- 
cations Software may also impact the design of the DACS. The 
electric system is an analog network represented by parameters that 
are dynamic and continuous. The representation of the electric 
system in the control center cannot be 100% faithful since the con- 
trol center acquires data from the electric system on a polling or 
sample basis over geographically distributed communications chan- 
nels. Thus the data is discontinuous; there is time skew between 
data; and the current state of the system is not instantaneously 
available? at the control center. These effects are a result of the 
Date Acquisition process. Special techniques have been used to 
minimize the age of data and the time skew between data to satisfy 
Applications Software requirements. 

While there are many possible designs and configurations for a 
Data Acquisition Subsystem, they all have certain basic equipments 
in common. Figure 2 presents s simplified system which includes 
most demerits of a Data Acquisition Subsystem, The portion of the 
Data Acquisition Subsystem which resides at the Energy Control 
Canter includes the following major elements. 


1. Communications Interface Unit (CIU) - provides a path for 
data and control signals between the computer subsystem 
and the communications channels* The control signal path 
typically utilizes the direct I/O capability of the computer, 
while data is transferred in a parallel, direct memory access 
mode. Small systems with low data rates may use a less ex- 
pensive serial data interface into a multiplexer channel in the 
computer subsystem, 

2. Channel Adapter (CA) * provides for buffering of data, (both 
inbound and outbound), message formatting/un-formatting, 
addressing checks, transmission protocol, and error checks. 

3. Modem (Modulator Demodulator) - provides the digital to 
analog transformation necessary for the transfer of date over 
the communications circuits* 
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Figure 2 Typical Configuration of a Data Acquisition Subsystem 













4. Programmable Remote Terminal Unit (PTU) - provides the 
electrical interface to the field device sensors/controllers. 
Responds to requests for data from control center. Pro- 
cessing and control logic is provided by an internal micro- 
processor, The PTU may be field and/or factory program- 
mabta 

5. Local Data Unit (LC I) - similar in function to PTU* but is 
located at the contro* center. May have parallel data path 
to the computer subsystem. 

6. Remote Terminal Unit (RTUJ - a ncn-programmabie remote 
terminal unit. 

The design of a QACS for a specific application must be based on 
satisfaction of a wide range of requirements unique to the applica- 
tion. These requirements originate from many sources: 

o Company operating policy 

o Physical and geographical characteristics of system 

o Other control center functions, in particular applications 
software 

o Dispatcher needs. 

The list could be extended to more completely reflect the uniqueness 
of each control center. Subsequent sections Will explore some of 
these requirements and how they might be satisfied in a Data Acqui- 
sition and Communications Subsystem. 


DATA ACQUISITION REQUIREMENTS 

The operation of an Energy Control Center is fundamentally de- 
pendent on the acquisition of data from the system under control. 
It is only through manual or automatic evaluation of the acquired or 
calculated data that intelligent decisions may be made relative to the 
control of the system. This concept is not new to the control system 
designer, but what is frequently given inadequate treatment is the 
specific, written definition of the requirements for acquiring data, 
for usage of the data, and for control capabilities. This definition is 
critical to system design. 

Of primary concern is the definition of the characteristics for each 
data point to be acquired. Data characteristics can be defined in two 
broad categories: data point type and data point attributes. This in- 
formation not only will impact the design/sire/cost of the equip- 
ment (hardware and software) in the Data Acquisition Subsystem, 
but will also have similar importance to the other subsystems of the 
Energy Control Center. In particular, the Computer Subsystem and 
the Applications Software are impacted by such data. 

The definition of data n firemen ts must address the system in 
several phases. First, the requirements must be projected at the time 
the Energy Control Center is to become operational. This is usually 
one to three years in the future. Since the system expansion plans 
(forecasts) are reasonably valid for that period, the near-term data 
requirements can be accurately predicted. However, the magnitude 
of specific data required for the initial system data base makes even 
this a sizeable undertaking for most utilities. 

The second phase for which data requirements must be defined is 
some arbitrary point in the future. Typically, this will correspond to 
the expected useful life of the control center equipment, particularly 
the computer subsystem. A period as short as seven years has been 
used. This corresponds to the historical lifetime of older generation 
equipment. Current state-of-the-art hardware design provides a 
longer useful lifetime. I believe a longer period of 12-15 years is 
possible due to the increased durability and maintainability of the 
modern generation of computers. Utility companies should also 
consider the rapidly changing technologies and their probable effect 
on the life cycle of the control center equipment. The expanda- 
bility of the equipment to accommodate these new technologies will 
be a major factor in determining when the equipment wiH become 
obsolete. 

The primary purpose of defining the second phase data require- 
ments is to define the expansion required of the control system. 
Again, this has prime impact on the computer subsystem. Over- 
statement of requirements, white dearly preferable to under- 
statement, may unnecessarily increase the cost of the system by 
requiring expansion capabilities that will never be used. The 
utilities current growth forecasts should be used to make this pro- 
jection a useful one. Specifying urwteeded expansion capability may 
also reduce the number of vendors capable (or desirous) of supplying 
such a system, thus offering the utility fewer proposed designs from 
which to select. 


Data Point Types 

The definition of the requirements for acquired data must be 
stated in the form of point counts for each RTU in the system. The 
counts must be given for each point type. The different major cate- 
gories of point data types are described below. 

1 . Discrete Input - A ooint that has one or more discrete states. 
May be used for ularm, indication, sequence of events, or 
device status. Memory status points may be required to re- 
tain knowledge of multiple device operations (such as break- 
er trip-close-trip) between master station scans. Extremely 
high security aoolications mioht use latchino status, which 
remains set until a reset is received from the control center. 

2. Analog input - A point that is represented by a variable ana- 
log signal. May be used for voltage, current, KW, tempera- 
ture, and other analog measurement. 

3. . Accumulator Input - A point that is an accumulating or coun- 

ter type measuring device. Kilowatt-hour readings are typical 
accumulator inputs. 

4. Control Output - fnterposer relays that are actuated from the 
control center to operate field devices such as circuit 
breakers. 

5. Analog Output - A set-point or desired value to be used by a 
local device controller. Some generation control approaches 
send desired generation to the generator control unit as an 
analog setpoint. 

Reference 1 provides additional information related to the electrical, 
mechanical, environmental, reliability, and security characteristics of 
the hardware. 

Data Point Attributes 

The definition of data point attributes is in many cases a subjective 
process. The following describes the major data characteristics which 
must be defined/considered. 

1. Range of Data The maximum/minimum values (counts) 
from the sensor, the scale/bias factors required to convert the 
values to engineering units, and the dead band within which 
no change will be recognized. 

2. Frequency of Acquisition - The maximum age allowed for 
data points in the data base of the control center computers. 
Report by exception techniques can sometimes satisfy the 
requirement for current data without periodic scans. Typi- 
cally, data used in generation control is acquired at two sec- 
ond intervals, as is the status of breakers and other devices 
important to system operat ion/ security. Other data if ac- 
quired at intervals of 10-30 seconds. 

3. Time Skew of De^ - The maximum acceptable period of 
time between the sampling cf various data points of a set. 
This is important in several cases. For instance, where, there 
are several remote terminal units party-lined on one commu- 
nications circuit and data is to be aoqulred from each unit for 
applications such as generation control. Even when no party 
lining exists applications such as state-estimation? may have 
time skew requirements that cannot be satisfied by the avail- 
able hardware without special scan techniques. 

There Is other information relative to eacn data point that tne 
utility must provide during the development phase as def ined below. 
Requirements in the Man-Machine Subsystem for display of data and 
alarm conditions are important basjc needs for this data. Much of 
this data is dependent upon the selected vendor's system-design and 
will reflect the operational philosophy desired for the Energy Control 
Center. 

1 . Name - The English text name for reference to the data point 
on CRT displays or printed togs. 

2. Color Coding - The manner tn which data point it to be pre- 
sented (color, flash inverse color, etc.) for various system con- 
ditions represented by the data. 

3. Alarm Procedures - Messages to be displayed and or togged 
when data point goes into an alarm state. Multiple alarm 
list displays may be used to segregate alarms by dispatcher 
function, e.g. transmission, distribution, etc. Data points 
may be assigned to one or more lists. Similarly alarm mes- 
sages for the data points may be logged on one or more 
printing devices. Audtble/visuai annunciators may be acti- 
vated to alert the operator. Different procedures may be 
used when points return to their normal state. 

4. Data Usage/System Correlation - The usage ot a particular 
data point within the computer subsystem is not usually of 
direct concern to the data acquisition system. Thte informs- 


tson must be developed to define to the supplier the correla- 
tion of the data points to the electric system and their usage 
in the various applications software functions. In some 
systems, a data base management technique may be used 
where structured identification numbers are assigned to each 
data point. In such case this assignment is of importance to 
the design of the data acquisition subsystem software. 

Not all data point inform tion is pertinent to the specification 
phase. Development of some the information can be deferred to 
the implementation phase. However, the specification of require- 
ments and the development of data to support system implementa- 
tion is a substantial undertaking even for the smaller utility. 

TYPICAL HARDWARE ELEMENTS 

This section includes a description of the two major hardware 
elements or end items in the DACS: the Communications Interface 
Unit (Cl U) and the Programmable Terminal Unit (PTU). Brief dis- 
cussions of the communications media and q,f the communications 
message standards are also included. Both the CfU and PTU can be 
micro-processor based units. The micro-processor is the key to many 
important capabilities: 

o adaptability to different message standards 
o multi-use circuit cards 

o local processing and control. 

A micro-processor configuration is shown schematically in Figure 3. 
The conf iguration shown is that of the Cl U. 



Figure 3 

T ypicai roeessor Bus Structu re 
For Micro-Processor Based DACS Unit 

It is emphasized that the processing capability (computer speed, 
memory expansion, word size, and instruction set) of the micro- 
processor used in these equipments is as important to the DACS as is 
the processing capability of the Computer Subsystem to the Energy 
Control Center. This is particularly true in the PTU where there is 
the capability for expansion of functions. This expansion capability 
is predicated on the availability of unused storage and processing 
capability. 

Communications Interface Unit 

The Communications Interface Unit (CIU) is the interface between 
the computer subsystem and the communications channels to the 
Programmable Remote Terminal Units (PTUs) and other computers. 
A configuration of a CIU is presented in a simplified format in 
Figure 3. 

Typically, the CIU must perform the following functions. 

1. Interface to multiple host computers. 

2. Buffer data to/from channel adapters. 

3. Transfer data between host computers. 

4. Provide switching of redundant communications lines. 

5. Detect errors in transmission by use of parity, checksums, 
cyclic error coding, or other technique. 

The channel adapters used in the CIU must support the interface 
to several types of remote devices. This include: other computer 
control centers and remote consoles, as well as RTU/PTUs. 



Figure 4 

Typical Configuration of a 
Programmable Terminal Unit 


Programmable Temotc Terminal Unit 

The Programmable Remote Terminal Unit (PTU) provides the in- 
terface to field device sensors and dootrol devices. Figure 4 presents 
a simplified schematic of a Programmable Terminal Unit. Typically 
the PTU will perform the following functions. 

1. Support communications line protocol and message formats* 

2. Maintain a local data base of current state of all field devices. 

3. Rc&eive and analyze requests from the control center. 

4. Format return data. 

5. Execute special functions, e.g. relay controls. 

6. Support different data types: 


a. 

Discrete Input 

- momentary status 

- change detect status 



- latching status 

- pulse counters 

b. 

Analog Input 

- single ended input 

- differential input 

c. 

Control Output 

- momentary control 

- pulse duration 

d. 

Analog Output 

- set points 


7. Provide other option al capabilities: 

a. status report by exception 

b. analog freeze 

c. sequence of events 

The PTU must provide for security of operations. This requirement 
includes automatic recovery from power cycling and IEEE surge 
withstand capability. Various function checks or reference quantity . 
tests may be used to provide warning of failed or degradedoperation. 

Many state- of-the-art remotes are programmabie.3 This means that 
a mini-computer or micro-processor is used instead of hardware logic. 
The programmable units offer many advantages over the non- 
programmable types: cost/ performance improvements; reduced 
number of different hardware components (e.g. printed circuit cards); 
improved diagnostic capabilities; and others. Most important, they 
provide capability for local processing and control. The pendulum of 
the economic pay-off equation is swinging rapidly toward more focal 
processing applications. Caution must be exercised, however, to 
insure that the unit's programmability does not compromise its se- 
curity of operation. This is particularly true for field programmable 
units. The potential future application for programmable remotes 
includes; 

o Sequence of Events Recording 

o Closed Loop Control 

o Local Data Collection and Logging 

p Equipment Maintenance Recording 

o Load Management 

o Calculation of Parameters (instead of instrumentation) 
o Local Operations 







The capabilities of the microprocessor are key to the ability of a 
PTU to incorporate these additional functions. In some designs pro- 
grammability met ms only the capability to change message formats 
through firmware with no ability to handle the new applications, 
The PTU should l>e selected or designed with the full range of poten- 
tial applications ir mind. 

Communications Media 

The range of options a liable in the communications portion o-i 
the DACS is such that only a summary of the more frequently used 
techniques will fee presented. From the standpoint of the DACS 
there are just a fe w characteristics that are pertinent. Generally, all 
communications interfaces should comply with El A Standard 
RS232C. Communications used for these applications are generally 
dedicated, full-ptrriod lines as opposed to dial-up type circuits. 


Aside from the quality of the communications circuit, the DACS 
will have requirements for bandwidth adequate to support the de- 
sired date transmission, rates. These bit rates are determined by the 
required data scan rates, volume of data, and numbers of PTUs per 
circuit (party-lined). Typical utility applications use 1200 8PS cin 
cuits for interface to RTUs, Interfaces to other computer centers 
range from 1200 to 9600 BPS. Remote consoles, with requirements 
for frequent display update or fast response for display requests may 
require from 9600 BPS up to 40.8kBPS communications. 

The communications media is typically one of the following types: 
o voice-grade land line 
o micro-wave 
o power line carrier 
o radio. 
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Figure 5 Communications Switching Schemes 
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A sinate circuit may be composed of only one type or may be a com- 
t-ination of two or more types with suitable Interfaces. Multiple cir- 
cuits may be used to connect remote units to the Energy Control 
Center, In such designs, appropriate switching must be provided at 
both the control center and at the remote unit. This switching may 
be by operation of hardware and/or software. Figure 5 (a) illus- 
trates a scheme wherein the PTUs are paralleled to two circuits and 
switching might be totally by software. Figure 5 (b| presents a loop 
conf iguration where the loop can be opened by hardware switching 
at sny.PTU location. This hardware switching could be automatic 
or it could be under software control. Figure 6 (c) presents a method 
for switching at the control center which provides for redundancy of 
the channel' equipment at the control center. This approach com- 
bined with either that of Figure 5 (a) or 5 (b) would provide a maxi- 
mum degree of availability. 

A new technology that is developing rapidly is that of fiber optics. 
It appears to offer excellent immunity to the normal sources of 
electromagnetic interference. It will probably have its first applica- 
tion in power plants or for local substation control where relatively 
short dedicated lines can be used. 

Message Standards 

Message standards for communications between the Energy Con- 
trol Center computers and Remote Terminal Units and other com- 
puters are usually unique to each vendor's equipment. An under- 
standing of the significance of these standards is important to 
properly evaluate many areas of system performance and expansion 
capability. In some cases the message standard is a reflection of 
hardware limitations. However, the message standards may some- 
times impose more restrictive limits on the capabilities of the Data 
Acquisition Subsystem. This may be due to the message standard 
itself or to restrictions imposed by the Data Acquisition software/ 
firmware. The significant characteristics of any message standard in- 
clude security, efficiency, addressing capability, and compatibility 
with other standards. 

The security of the message standard is by far the most important. 
Several coding schemes have been used to provide transmission 
security. These include checksums, horizontal and longitudinal pari- 
ty bits per character, Bose-Chaudhuri-Hocquenghen (BCH) code, and 
others. Transmission errors are to beexpected, with errors occurring 
at typical rates ranging from 1 «n 1(P to 1 in 103 bits under normal 
operations. Even though the Data Acquisition system may transfer 
data at a low rate, the detection of these errors is an absolute require- 
ment. No scheme will provide 100% error detection under all noise 
conditions, so it is prudent to carefully evaluate the hardware and 
software for adequate error checking. 

Transmission efficiency is of interest and sometimes becomes a 
critical factor even in a properly designed system. In selecting the 
number and speed of communications links, transmission efficiency, 
error rate and message retry philosophy must be considered. Refer- 
ence 1 provides an. algorithm for computing communications chan- 
nel usage. 

Addressing capability is important in that it may limit the expan- 
sion of the subsystem either in the number of PTUs (total or per 
channel) or In the number of points within a PTU. This is due to the 
field size (number of bits) allowed for terminal (station) and point 
addresses: 

Compatibility with other standards may be important when adding 
remote terminals to existing Data Acquisition Subsystems. In the 
past, add-on RTUs were almost always sole-source items to the origi- 
nal supplier. However, with the programmable nature of present 
‘ equipments, many vendors can supply add-on equipment using any 
message standard. 

As has been stated, there is significant variation in message stan- 
dards used by different vendors. In recognition of this the subsystem 
designer should specify his minimum requirements as related to the 
message standards and not unnecessarily specify the message formats. 
Message standards should be specified only for existing equipment 
that will be used in the new Data Acquisition Subsystem. 

SOFTWARE FEATURES 

While the hardware elements provide die needed electrical inter- 
face to acquire and route remote data, it is the software (firmware) 
that provides the intelligence of the Data Acquisition Subsystem. 
The software defines what data is to be acquired, scan/poil intervals, 
data base structure, processing of received data, expansion capabili- 
ties, and user interfaces to the data base. The operation of the Data 
Acquisition Subsystem has few external manifestations that are ap- 
parent to the control center operations personnel as to the Man- 
Machine Subsystem and the Applications Software. However, the 
DAGS is fundamental to the proper operation of the entire Energy 


Control Center. The major functions of the Data Acquisition Sub- 
system Software are discussed in the following subsections. The 
Data Base is discussed first as the focal point for the entire sub- 
system. It is the digitized image of the electric power system. 

Data Base 

The data base (and its structure) is of significance to the system 
designer as it determines a number of key design parameters. It is a 
major component of computer storage requirements (core and auxil- 
iary) and it wilt impact execution times of other software as a result 
of the overhead associated with data base access. The data base may 
provide a single unified data base for remote (scanned) data and for 
applications (calculated) data or they may be totally separate. 

The data base for remotely acquired data must include not only 
the current status/value of each point but must also include certain 
data/flags regarding the quality of the data or operational state of the 
point. The requirements in this area are highly dependent on appli- 
cations and operational (operator) requirements. The typical data 
items in the data base for the various types of acquired points are as 
follows; 

o Status/Indication Points - Current Status 

Normal Status 

o Analog Points - Current Value 

Scale/Bias Factors 
High Urnitfs) 

Low Limit(s) 

Rate of Change Limit(s) 

o Accumulators - Value for Current Interval 
Current Reading 
Rollover Constant 
Scale Factor 
Data Format 

The data base may include pointers to other system tables to sup- 
port operation of the software. Also included in the data base for 
each point will be a set of flags which define the quality of the data 
or the power system condition represented by the data point. These 
flags may apply to one or more of the point types, 

1. Deactivated Flag - The data base for the point is not to be up- 
dated even if valid scan data is received. 

2. Telemetry Error Flag * The data base for the point was not 
updated on the last scan due to some type of telemetry 
error, 

3. Manual Data F lag - The operator has over-ridden the scan and 
substituted an operator entered value. 

4. Point Selected Flag - The point is currently selected by the 
operator for some function. 

5. Alarm Flag - The point is in an alarmed state. 

6. Acknowledged Flat] - The existing alarm condition has been 
acknowledged by the operator. 

7. Change Authorized Flag - A change in the status/value of the 
point is expected and should not be alarmed, 

8. Tagging Flag(s) - The operator has applied a tag (or tags) to 
the point to inhibit control or other functions. 

This list of items in the data base is not all inclusive. Particular appli- 
cations may cause unique requirements for the data base. In all cases, 
it is important to clearly specify requirements for functions that de- 
pend on the existence of certain information in the data base. 

The particular layout of the data base has significance to system 
performance due to the overhead that may exist for access to the 
data base. In many system designs, access to tha data bast is through 
a single set of interface software celled the data bast manager. Thera 
are many valid reasons for this approach. 

1. Allows virtual data base; makes usars independent of alloca- 
tion of the data base to different storage types. 

2. Can provide higher degree of security against unauthorized 
change to data base. 

3. Simplifies expansion capabilities. 

4. Allows collection of usage statistics for tuning performance of 
the system. 

5. Reduces impact of reaching limits of core memory expansion. 

Whether a virtual data base approach is used or not, satisfaction of 
the basic requirement is dependent on many parts of tha data base 
being core-resident Frequency of access and requited response time* 
for display call-up, data acquisition scan cycles, as wall as the applica- 
tions functions will determine the allocation of storage to the data 
base. Usually, the entire data base for remote (scanned) data will be 



core-resident to satisfy these requirements. 

Data Acquisition 

The Data Acquisition software supports message exchange se- 
quences for ail scan modes, generates the necessary commands for in- 
formation required, performs error checking to assure the validity of 
data and the proper completion of scan requests, and updates and 
maintains the data base, n addition, the Data Acquisition softw e 
provides support for the supervisory control functions by transmu- 
ting commands, timing-out the operation, and performing error 
checks. 

Data is received on a cyclic basis or on exception. The Data Acqui- 
sition software must allow for multiple cyclic scans, $ach having a* 
signed priority and interval between scans. For each such scan, the 
software must format the appropriate' data request, transmit the re- 
quest, and check the return transmission for errors. 

All valid received data is then subjected to processing according to 
the data type. The received data and any associated derived quality 
data is entered into the data base. Typical processing requirements 
are primarily oriented to detection of alarm conditions, which is dis- 
cussed in a later section. Other processing of data might include con- 
version of analog data to engineering units and calculation of time 
interval (hourly) values for accumulator points. 

Performing the complete Data Acquisition function for at) remote 
points on a fixed cyclic basis can overload the computer system and/ 
or the communications channels and may cause unacceptable time 
skew in the received data. This possibility is important because, in 
many systems, communications represent the largest single cost ele- 
ment. In order to minimize communications channel bandwidth re- 
quirements, a "report by exception" scheme is frequently utilized. 
Other approaches, such as quiescent remotes, have been used. 
Quiescent remotes transmit device status to the control center com- 
puters on a change or interrupt basis. Since these transmissions ara 
not controlled by a single master, the potential exists for simultan- 
eous transmissions by multiple remotes on the same communications 
circuit. Special software is usually required for such situations, such 
as turning off all remotes, then turning them back on, one at a time. 
For that reason, and others, the report by exception approach seams 
to be favored by most of the industry. 

Report by Exception 

In the Report by Exception approach, a polling technique is used 
instead of or in combination with the scan approach. This technique 
typically includes the following steps. 

1. The Data Acquisition software sends a poll to each PTU at 
periodic intervals. 

2. The PTU responds to the poll with a report that data has (or 
has not) changed. 

3. The Data Acquis on software must then issue a scan request 
to acquire change^ data. 

This approach is particularly advantageous when there are large num- 
bers of status points which change state only infrequently . Reporting 
by exception can also be applied to analog points by use of a change 
threshold. For example, the threshold could be defined as a change 
in the third (or higher) least significant bit since last reported change 
for this point. This represents only 0.1% of the range for a 12 bit 
value, which is less than the combined accuracy of sensors and con- 
version equipment. 

There is a shortcoming of report-by-exception, however. While it 
does greatly reduce the communications loading under most condi- 
tions, it can present heavier loading than the scan technique under 
conditions of frequent and continuing change. This is due to the fact 
that the report-by-exception approach requires additional overhead 
in the message structure for point identification. Also, if points 
change rapidly and continually, they may be scanned more frequently 
than they would have been scanned under a periodic scan approach. 
It is important to understand the conditions under which the com- 
munications system becomes saturated and the impact this might have 
on the operation of the Energy Control Center. 

This shortcoming of report-by-exception manifests Itself when it 
is least desired, i.e. during system disturbances. In some systems it 
may even be self-defeating due to this anamoly. Careful and prudent 
design is essential. A hybrid design approach dial could alleviate this 
problem is one where in the high rate of change and memory status 
points are periodically scanned while slow rate of change status 
points are reported by exception. 

Error Detection 

It is imperative that the Data Acquisition software prevent invalid 
data from entering the data base. Ail received data must be checked 


for errors. The following categories of errors may be detectable 

o Channel adapter and PTU hardware detected errors 

o Communications interface hardware detected errors 

- time-out 

- transmission errors 

- inoperative 

* data transfer errors 

o Software detected errors 

- no response 

- data overrun/underrun 

- data identification errors 

The specific errors in each category to a large extent are dependen 
on hardware design. It is important that all available error indication 
be utilized and that the basic requirement is satisfied that no invalk 
data enter the data base. 

Some form of error statistics, e.g. daily error count by error type 
should be maintained to aid in diagnostic and corrective action. It 
addition, a short term error rate may be the basis for alarming mar 
ginal operation or failure of equipment. 

Alarm Detection 

One of the more important functions of the Oata Acqutsitioi 
Subsystem h that of alarm detection. Normally, all scanned data i 
subjected to some type of checks to determine whether a pom 
should be alarmed to the operator. The following types of cheeks ar 
typical. 

1. Status Change - A status/indication point has changed slat 
since last scan. An unauthorized change alarm should b 
issued unless the change was authorized, in which case 
completion of operation message should be Issued. Chang 
detection may include distinction of single end multipt 
changes of state between scans. 

2. Limit Checks - Analog values may be tested against one o 
more sots of limits. Alarms are generated if limits are exceec 
ed. Sets of limits may be provided for operational, emergency 
or other conditions. 

3. A specified number of alarms must be CRT displayable h 
one or more alarm list displays. Procedures for overflow o 
the lists must be defined. 

4. Alarms which occur during a time window immediately prs 
ceeding a failover may be lost. Systems have been impte 
minted with this time window as small as 100 milliseconds 
In most systems, that requirement can be relaxed somewha 
since the first scan after failover would "re*detect" the "iostr 
alarms if they still existed. 

Supervisory Control 

The Supervisory Control software functions ara typically though 
of as a Man-Machine function, however, the Data Acquisition soft 
ware usually will have the responsibility for actual communication 
with the PTU where the control is to be actuated. This software mus 
support several functions and modes of operation. The primary ri 
sponsibiUties are the formatting of the control messages, tran$mis9io> 
of the messages, and validation of the checkbook responses accordcn 
to the defined message protocol. 

Both immediate operate and select-then-operate modes are usee 
Typically, the immediate operate mode is used for repetitive typ 
operations where communications time must be minimized. Genera 
tion control applications typically will use the immediate operat 
mode. 

The select-then-operate mode Is used for operator supervisory con 
troi functions. This mode requires a select message to the PTU, and 
final checkback response. 

The security of the control operation provided by the combinec 
functioning of the Data Acquisition hardware end software is of pari' 
mount importance. No error or failure mode should allow unautho- 
rized operation of a control relay. 

Failover Considerations ' !| 

The Data Acquisition Software, together with the other softwan 
subsystems, must make provision for failover to the backup systerr 
in case of critical failure to the system operating in the primary vnode 
Typically, this will entail; 

■ 1 . Transfer of the data base to the alternate system at intervals 
usually 30 seconds; 

2. Transfer of Subsystem expansion updates after validation 


3, Re-initialization after failover 

a. restore data base to the last snapshot 

b. restart all scans 

c. abort or restart control sequences that were in progress. 

Data base snapshots may also be placed on the primary system's 
disc to allow for primary sys m restart after a critical failure when 
the backup system is not available* 

Subsystem Expansion 

The Data Acquisition Subsystem must be capable of easy expan- 
sion as the power system itself expands. This expansion is by growth 
in point count in existing remotes, by the addition of new remotes, 
and by addition of new functions (e.g. sequence of events) in exist- 
ing remotes. It should not be necessary to take the system off-line to 
perform this expansion. The system should be capable of fast res- 
toration of a prior system in the event that the expanded system is 
defective. Security checks should be provided*to detect erroneous 
inputs and to prevent their entry into the data base. . 

Many different techniques have been used for this function and 
several are basically acceptable. The two basic approaches use source 
data cards and CRT interactive input techniques. The preferred ap- 
proach is the latter ap it eliminates the problem of card handling, pro- 
vides for timely error correction, and, in the better designs, provides 
step-by-step input instructions. With the CRT approach it is impera- 
tive that the system provide capability for a test data base and a 
saved data base. These capabilities allow for suitable backup for re- 
storing the system after hardware failure. 

A capability of dual or parallel primary is quite useful for checkout 
of subsystem expansion. The dual primary mode of operation is one 
wherein the backup CPU is assigned only the equipment to be tested 
and possibly a console. The Backup CPU then acts as if It were in the 
primary mode, executing ail primary software functions but having 
access only to the equipment under test. This allows for a fully inte- 
grated checkout of the expanded data base, software changes (if 
any), and the new hardware. 

SYSTEM PERFORMANCE ANALYSIS 

Proper design and implementation of a Data Acquisition Sub- 
system requires a number of analytical studies to validate that the 
proposed approach does indeed satisfy all system performance goals. 
Many tradeoffs are possible. The following briefly summarizes 
several of the more important analyses that should be performed. 

1 . Communications Timing Analysis - Can communications sup- 
port all periodic scan cycles and random events such as report 
by exception, sequence of events,- supervisory controls, noisy 
communications, etc? Refer to Reference 1, Section 5.4.4 for 
a technique for oompjting communications fine utilization. 

2. Computer Subsystem Storage Requirements - Size of com- 
puter core storage and auxiliary memory required to support 
the Data Acquisition Subsystem. 

3. Computer Subsystem CPU Time Utilization - 1$ CPU utiliza- 
tion by Data Acquisition Subsystem consistent with system 
design? 

4. Auxiliary Memory Utilization - This analysis is important 
when the major parts of the real-time data base and of the 
Data Acquisition Software reside in Auxiliary Memory, is the 
Auxiliary Memory utilization consistent with system design? 

5. Response Time - This study defines the ability to maintain 
scan rates, to detect alarms within a reasonable time after 
their occurrence in the field and to provide data to Applica- 
tions Software having an acceptable time skew. 

in addition, if the remote terminal units are programmable, it may be 
necessary to perform studies 2, 3, and 5 for the PTUs also. 

To begin such analysis, it is necessary to collect data such as PTU 
point counts, scan cycles, characteristics of the data acquisition soft- 
ware. Also, timelines or scenarios must be defined that are to repre- 
sent system operation. This is a critical aspect of the analysis as a 
non-representative timeline will cause the study results to be non- 
relevant, it is important to analyze several timelines: 

o Normal loading (over a long interval, e.g. 30 minutes) 

o Heavy loading (over a Short interval, e.g. 30 seconds) 

o Worst case loading 

The heavy toad period over a shorter interval should place emphasis 
on demand type events. The worst case loading situation is always of 
concern to assure that system operation remains ac ce p ta b le. 


The analysis should reveal any instances of under/over design. 
Certain trade-offs are available to correct designs that result in un- 
acceptable performance, First of all, the basic data, sizing, and time- 
lines should be examined to re-evaluate their representativeness. If 
the problems persist, then changes to the system design must be con- 
sidered. White it is not possible to give explicit solutions to un-defined 
system problems, the solutions to be considered may include one or 
more of the following: 

1 . Use faster communications media. 

2. Scan the PTUs less frequently. 

3. Use multiple scan cycles to effectively reduce scan rate. 

4. Use polling/report by exception techniques. This is most 
frequently used for status points only, but .could also be 
applied to analog points. 

5. Reduce extent of party-lining of PTUs. This allows more 
parallel communications, but may incur substantial com- 
munications costs. 

6. Distribute processing with intelligent (programmable) PTUs. 

7. E xpand the Computer Subsystem. 

8. Add Front-End Processors. 

Guite frequently conflicting requirements occur where the utility de- 
sires to party-line many remotes due to the radial nature of their 
system and the cost of communications circuits. This conflict occurs 
because of the various data acquisition cycles: the generation control 
function (normally at 2 second intervals): the study programs (nor- 
mally at 10-30 second intervals, but time-skew of data is critical) ; end 
the normal dispatcher SCADA functions of monitoring, logging, and 
supervisory control. Such a conflicting situation existed on a system 
in development at TRW; the resultant solution involved use of 
report-by-exoeptlon for status points and an "analog freeze" capa- 
bility to snapshot analog values at all PTUs with one universal com- 
mand followed by transmission of the analog data back to the control 
center over a 20 second Interval. 

OTHER CONSIDERATIONS 

Other aspects of the D ACS must be given consideration as part of 
the design process. These include the testability, maintainability, 
spare parts inventory and training requirements, among others. 

Diagnostic capabilities are very important, particularly with pro- 
grammable devices. Diagnostic/testing tools may be software or 
hardware, integral with the on-line DACS or standalone. These 
diagnostic tools together with the error detection/reportlng capa- 
bility of the hardware will significantly impact time-to-repair which, 
in part, determines the availability of the subsystem. Programmable 
units typically are provided with several types of diagnostic capa- 
bilities. 

1. In-plant, microprocessor based diagnostic systems ere used 
for board test and automated testing of end Items such as 
PTUs and CIUs. 

2. A portable maintenance panel is a field diagnostic device 
which provides capabilities such as display of ell registers, 
address stop, single step, single cycle, and others, 

3. Portable analyzer units can emulate e PTU or a CIU and can 
provide for display of received date, for operator definition 
of transmitted data, for selected error checking, end for 
simulation of error conditions. 

4. Firmware/software diagnostics can check: 

a. bade hardware interfaces, 

b. complete instruction set, 

c. memory, 

d. all i/O cards - channel adapters, discrete input* analog in- 
put, accumulator input, control output, analog output, 
and discrete outputs. 

The commonality of the hardware is also to be given consideration. 
The numbers of different printed circuit card types used will Impact 
training, spares requirements, and system maintenance/availability. 
For example, the typical equipment configurations shown in Figure 6 
have a common basic structure for the CIU, PTU, end man-machine 
equipment. Only the I/O cards very. Even there, the multiplicity of 
card types could be reduced. For example, a single discrete Input 
card with appropriate firmware can support either momentary status, 
change detect status, latching status, and pulse count accumulation. 



4. the (Programmable) Remote Terminal Unit, which collects 
the field data and transmits it to the control center equip- 
ment. 

The Data Acquisition Software, by use of the above hardware, pro- 
vides the basic function of the subsystem, which is to provide a digi- 
tized data base in the computer subsystem which accurately represents 
the current status of the electrical system. This data base is used by 
the Man-Machine and Applications Software to provide the primary 
function of the Energy Control Center, that is, the timely monitoring 
and control of the electric system to provide secure and economical 
service. 
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Figure 6 ■ 

Typical DACS End-item Equipment 


Maintenance philosophy for both hardware and software should be 
defined early in the project cycle. If the utility desires to perform 
its own maintenance, staffing and training of the personnel should be 
planned. Consideration should be given to their participation in de- 
velopment of the system at the vendor's facility. Usually this ap- 
proach provides the benefits of more complete in-plant testing, 
easier transition during fiek start-up of the system, and shortened 
down times due to hardware/software failures. 

SUMMARY 

This paper has provided exposure to the scope of requirements to 
be satisfied by the Data Acquisition and Communications Subsystem; 
to the typical hardware equipment and their configurations that 
might be used; to potential pitfalls; and to design options. The goal 
has been to provide the reader with a comprehensive overview of the 
entire subsystem. 

The design and implementation of a Data Acquisition Subsystem 
for an electric utility Energy Control Center is an undertaking of 
significant proportions. There is exposure to many disciplines and 
the potential for problems is substantial. As with ail complex 
computer-based systems, definition of requirements is the single 
most important phase of such a project. Design and implementation 
can proceed in an orderly fashion if based on a complete and dearly 
stated set of requirements. 

The key hardware elements of the Data Acquisition Subsystem are; 

1. the Communications interface Unit, which provides the con- 
nection to the Computer Subsystem; 

2. the Channel Adapters and Modems, which provide for the 
reception, buffering, formatting,conversion and transmission 
of data; 

3. the Communications circuits, which provide a transmission 
path to the PTUs end other control centers; 
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ABSTRACT 

The object of this, paper is to introduce 
the reader to basic concepts In the area of 
Power System Security from the operation view- 
point. Emphasis has been placed on concepts 
rather than derivation of equations which can 
be found In the publications included as ref- 
erences. The following topics are covered: 

. Power System Monitoring 
. Instrumentation 
« Redundancy 
. State Estimation 
. Network Configuration 
. Contingency Analysis 
. Corrective Strategies 

Terminology and simple concepts of 
Probability and Statistics are included 
throughout the. text. 

None of the topics mentioned can be 
completely covered in this single' paper ; 
therefore, the reader is encouraged to study 
the publications listed in the references. 

INTRODUCTION 

Power System Security* begins at Its 
planning stage. A poorly planned system 
cannot achieve a high level of security 
regardless of how well It is operated. On 
the other hand, because of economic consid- 
erations, the amount of built-in security 
has to be limited. Thus, regardless of the 
strength planned into a power system, its 
day to day operation must be such that 

maxima sssrnm anfl aasmtex-l&j&teixM 

lifjtg t tana , .s.f frits . jsyjlM. j T ° , 
accomplish this objective, the operation of 
power systems Is coordinated from control 
centers. 

In the early days, the coordination for 
economic operation was performed through 
telephone communications between system and 
plant operators. At the same time, for per- 
forming the security function, the system 
operator depended on telephone communications 
with plant and substation operators for 
monitoring the various facilities of the 
power system. 

Generally, system operators had direct 
access to the values of frequency and volt- 
age at their location. Knowledge of these 
variables permitted them to detect some 
system abnormalities. However, to identify 


the abnormal condition, the system operator 
had to rely on information from personnel 
at substations where the abnormal conditions 
could be monitored. 

The relatively small amount of data 
at each substation could be analyzed by Its 
operator. Thus, the information received 
by the system operator was sufficiently re- 
liable to be synthesized for taking correc- 
tive action. The experience and good judge- 
ment of substation operators played an im- 
portant role in power system security. 

Also, in those days, the number of 
strong interconnections was relatively snail . 
As a consequence, the interaction amongst 
the various portions of the network was not 
as pronounced as It is today. 

As power systems expanded in size, 
voltage class, major concentration of genera- 
tion and interconnections, their operation 
became more complex. Furthermore, the 
advent of remote telemetering, although a 
progressive step, triggered a trend toward 
unattended substations. As a consequence, 
the experience of substation operators be- 
came a missing link in the process, and the 
system operator was burdened with substantial 
amounts of raw data. 

Under these conditions, ‘in addition to 
synthesis of information, analysis of a large 
number of individual pieces of data was trans- 
ferred to a higher level in the hierarchy of 
system operators. 

During the early 1960's, process con- 
trol digital, computers became a valuable tool 
for system operations. However, the main 
emphasis at that time was placed on the 
economic operation function as well' as in 
relieving the system operator from the work . 
load associated with the preparation of 
operation reports. 

In 1965, the northeast ’blackout created 
a major concern amongst electric utilities 
and government authorities. System security 
considerations became an issue of the highest 
priority and the electric industry focused 
on developing methods to ensure reliable 
operation of plant and transmission 
facilities. 

Since the late 1960‘s and early 1970's 
major efforts have been placed in the follow- 
ing broad areas: 
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* £ & to improve 
knowledge. of current system conditions 

* to determine the 
effects of outages of system 
facilities. 

* Corrective Strategies to provide the 
system operator with real-time guide- 
lines for eliminating undesirable 
system conditions 

Substantial progress has been made in 
Power System Monitoring. A number of 
utilities have new control centers in which 
some kind of improved monitoring ^system is 
operational. Also* for contingency analysis* 
a number of control centers have access to 
computer programs to simulate power system 
outages. 

However* it is the author* s opinion that* 
cxpecially In the areas of contingency 
analysis and corrective strategies* addition- 
al work is necessary to satisfy the real- 
time requirements of power systems security. 

POWER SYSTEM MONITORING 

Power System Monitoring has always been 
a basic function for ensuring a secure 
system. 

The development of modern Data Acquisi- 
tion Systems coupled with communication 
networks and digital computers* permitted 
the automatic collection of large amounts 
of real-time data to be displayed at central 
locations. The ability of transmiting any 
amount and type of data to a central location 
raised the question of which quantities 
should be measured. 

Representatives of some utilities favored 
the philosophy of measuring those quantities 
which permit monitoring of some key facil- 
ities of the power system. Others have fol- 
lowed the route of gathering the necessary 
data to perform conventional Load Flow cal- 
culations in real-time for monitoring all 
system components. A third group of utilities 
have used state estimation techniques in 
their monitoring schemes* to take Into ac- 
count the reliability of the measuring system. 
To the author* s knowledge* this approach has 
been followed by five or six power systems 
of- various sizes around the world. However* 
others are showing Interest in the approach. 
The AEP state estimator became operational 
in February 1975 and has proved to be a valu- 
able tool for security of system operation. 

The philosophy of monitoring key facil- 
ities, in the author* s opinion, yields an 
incomplete monitoring system and appears to 
be conflicting with good planning practices. 

It is reasonable to expect that any facility 
of a power system may become a key one de- 
pending on the existing operating conditions 
at a particular time. Oh the other hand* if 
under normal conditions certain facilities 
can be selected as needing to be monitored 
more closely than others of the same catego- 
ry, this situation should be remedied by 
better planning. 


* The approach of performing a convention- 
al i^oad Flow In real-time permits the System 
Operator to have access to measured quanti- 
ties as well as to other quantities of In- 
terest which can be obtained from calcina- 
tions* This approach evolved from the ex- 
perience of using the Load Flow in power 
system simulation for planning purposes* 
However, for the real-time function, it has 
several limitations*. 

(a) In the conventional Load Flow* the 
input variables are restricted to the 
complex powers at load buses and the 
real power and scheduled voltage at 
regulated buses. In real-time however, 
this constraint presents a serious 
limitation because conveniently avail- 
able measurements of other variables 
cannot be used. 

(b) Since the Load Flow formulation consists 
of a set of independent equations* a 
colution cannot be obtained If one of 
the input variables becomes unavailable. 

(c) If a piece of Input data is Incorrect* 
the results might be rendered useless. 

<d) It is nofpossible to determine the 

level of confidence that can be placed 
on displayed quantities. This severely 
impacts the System Operator in his 
decision making function. 

The justification for using state 
estimation techniques has been based on the 
facts that a certain amount of error is in- 
herent in any measurement scheme and that 
individual measurements can become grossly 
Incorrect or missing. 

State Estimation provides the ability 
for coping with measurement error, .detects 
and identifies incorrect or missing data and 
ensures the validity of the information dis- 
played to the system operator, including 
quantities whose measurements have been 
missing or identified to be incorrect. 

INSTRUMENTATION 

Adequate instrumentation Is a basic re- 
quirement for monitoring any physical process. 
An instrumentation system* in order to be 
adequate* must permit extracting the proper 
amount and quality of Information from the 
process such that the monitoring system is 
trustworthy. It would be a paradox if the 
monitoring of a process were less reliable 
than the process itself. 

The main quantities of interest in 
assessing the overall performance of a power 
system are: complex voltages at the network 
buses and complex powers and current flows 
in the various facilities of the system. 

In modern instrumentation systems, there 
are a number of devices which collect infor- 
mation at a remote location and transmit it 
to a control center. These devices include: 
Instrument transformers, sensors and analog 
to digital converters. 
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Any one of these devices can fail and 
none of them is perfect, i.e. a certain 
amount of error is inherent in its perfor- 
mance . 

The amount of error in a particular de- 
vice is, in gener-’l, unknown. However, from 
experiments in a controlled environment, 
the manufacturer can provide information on 
the statistical behaviour of a device that 
belongs to a specific precision category. 

These experiments consist of taking a 
sample from the entire population of the 
devices in question and, with a fixed input, 
the output of each device is. observed. In 
the process of repeating the experiment, 
the outcome varies from trial to trial in a 
random fashion. Thus, the quantity of 
interest is said to be a RANDOM VARIABLE. 

A plot of the various outputs vs the 
number of devices associated with each out- 
put is likely to be as shown in Pig. 1. 



FIGURE f 

AM ACCURACY TEST ON A SAMPLE OF DEVICES 


This plot is called a GAUSSIAN or NORMAL 
probability density function. The valuer 
is the MEAN or EXPECTED VALUE of the various 
outcomes and provides an index of the ten- 
dency of most of the outputs being close to 
a certain "average" number. An indication 
of the spread of the various outputs is pro-. t 
vided by the; VARIANCE, which is denoted by **“ 
and Is approximately equal to the average of 
the sum of the squares of the deviations of 
the various outputs with respect to ^ , i.e. 
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The square root of the VARIANCE r is the 
STANDARD DEVIATION cr; The significance of*- 
is that in a GAUSSIAN probability density 
function the following conditions are 
satisfied: 

68 % of the outputs fall within a? ± nr 
95% of the outputs fall within t ter 
99% of the outputs fall within Ait 


The STANDARD DEVIATION then provides 
valuable information on the precision of 
the various devices in the instrumentation 
system. It permits not' only estimating the 
amount of error which is likely to be as- 
sociated with any individual measurement 
but, what is mor' Important It allows 
discriminating incorrect measurements from 
acceptable ones. Also* it permits mixing 
measurements taken with devices of different 
precisions* This is done by placing more 
weight in the information content of higher 
precision devices* 

REDUNDANCY 

It has been mentioned that the error 
content of an Individual measurement Is 
unknown* Thus, the tpue value of- a quantity 
of Interest cannot be obtained. Then* in 
order to discriminate between correct and 
incorrect measurement as well as to Improve 
the accuracy in the values of the measured 
quantities (error filtering effect) if it 
is required, RENDUNDANCY is necessary, i.e. 
more than one measurement of the quantity 
of interest must be taken. 

The amount and type of redundancy 
requirements depend on factors such as: qual- 
ity of the measurement system, requirements 
for detection and identification of Incorrect 
measurements, feasibility of modeling the 
process in some mathematical fashion, ef- 
ficiency of solution techniques, cost, etc. 

In summary, adequacy of redundancy can- 
not be determined from specific rules, but 
rather from a good understanding of the 
process and the requirements of the monitoring 
system* 

To illustrate the train of thought in 
the approach to the redundancy problem, lets 
consider the simple case where the temperature 
of a particular process must be monitored. 
Obviously, a gooa quality thermometer could 
be used* However, if this temperature 
happens to be a critical quantity, a single 
thermometer might no*c be sufficient for en- 
suring the reliability of the monitoring 
system. 

A second thermometer, for instance, 
would provide the means of detecting malfunc#* 
tioning of the monitoring system when the two 
readings differ by an amount larger than the 
precision of the instruments in question. Al- 
though this two to one redundancy ratio per- 
mits detecting an incorrect measurement, it 
is still inadequate for identifying which one 
of the two measurements Is Incorrect. Thus, 
for this purpose, a third piece of informa- 
tion is needed, this additional redundancy 
can be obtained from a third termperature 
reading or from a pressure already available 
if a mathematical model can be formulated 
to relate the two variables. Then, the 
monitoring system of this process requires 
a minimum redundancy ratio of three to one 
to be adequate. 
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In a power system, a mathematical model 
can be formulated and, in general, duplicate 
measurements are not taken « - The model to- 
gether with STATE ESTIMATION techniques 
relates most of the quantities of Interest* 
In the process, each measurement contributes 
to the estimation of more than one quantity 
and each quantity 3* estimated from more 
than am measurement* 

STATS ESTIMATION 


State Estimation techniques provide the 
means of processing. a set of redundant 
Information to obtain an ESTIMATE of the 
STATE VARIABLES of the system. Cnee the 
STATE VARIABLES are determined! other 
quantities of interest can be obtained. A 
fundamental property of the solution process 
is that It determines the averages or MEAN 
values of the quantities of interest. Thus, 
the calculated values, in general, do not 
match any one of the measurements. Instead, 
the solution Is reached by a BEST FIT of 
the entire set of input data. 


The procedure consists of minimizing a 
function of the STATE VARIABLES. One pos- 
sible objective function is the sum of the 
squares of the deviations between measured 
and calculated values. To take into account 
the accuracy of each measurement, each of 
the terms in the summation Is weighted in 
Inverse proportion to the VARIANCE of the 
associated measurement. Thus, the solution 
criterion Is the weighted least squares 


I. a. 


Minimize 


A 

~ * s y £*<■ 

J(x> * ^ 
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where x is the set of state variables 
z is the set of measured quantities 
f.(x) is the functional relationship 
x of the ith measured variable with 
respect to ti. state variables 
S is the number of measurements 


The difference between the number of 
state variables and the number of measure- 
ments i3 the redundancy and is given the 
name DEGREES OP FREEDOM. 


At the solution point, the calculated 
values of the measure variables are approxi- 
mately the MEAN values of these variables. 

Inspection of the objective function 
J(x) reveals that, at the solution, each 
of its terms is approximately equal to 





It was mentioned that the measured 
value Zi has the GAUSSIAN or NORMAL probabil- 
ity density function shown in Fig. 1. If the 
MEAN value Is subtracted from Z± and the 
result is divided by the STANDARD DEVIATION 
, a new probability density function is 
obtained which has a MEAN value equal to 
zero and a VARIANCE equal to one. The new 


curve 1* a UNIT NORMAL. Thus, the objective 
function becomes a sum of squares of UNIT 
NORMALS and is denoted as a CHI-SQUARE 
distribution. A CHI-SQUARE distribution has 
the property that its expected, value is equal 
to the number of degrees of freedom. Fig. 2 
shows a family of CHI-SQUARE distributions. 



FtaURE 3. CHI-SQUARED DISTRIBUTION 


The cnl-square distribution plays an 
important role in the detection and identi- 
fication of bad measurements, that is 
measurements that grossly differ from the 
true value by raany«r- values of the device 
used. Consider the case where one such bad 
measurement exists. That measurement by 
definition does not belong to the 3 er ' range 
of the normal distribution- of the device. 

Knowing the degrees of freedome of the 
particular problems at hand, a chi-square 
distribution is fixed. The value of the 
chi-square (tfe-3 h'Tizontal axis on Fig. 2) 
that includes of the area. below the 
curve is theoretically the maximum value 
or boundary attainable by the weighted sum 
of squares if all measurements were within 
3 of their particular standard variation. 

Tba presence of a bad measurement will • 
produce calculated values that for some 
terms will differ from the measured value 
by more than their Individual 3^* thus 
making the sum of squares exceed the boundary 
for a 39% confidence. Notice that it has 
not been said that the sum of squares term 
corresponding to the bad measurement Is 
necessarily large. Indeed , it may be that 
the calculated and measured values at the 
bad measurement location are close. However, 
this is at the expense of other terms be- 
coming large. It is this characteristic 
that makes the j&teEgaST.V.a bgl„,d,q1tg..asMQ.lc3»ga 
test so powerful. 

Having detected the presence of bad 
data, the problem remains of Identifying 
which is the bad measurement. It has been 
mentioned that the expected value of a chi- 
squared distribution is equal to its degrees 
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of freedom. Consider that the calculated 
value of the sum of squares is taken as an 
approximation to the expected value. Then 
tne ratio of the sum of squares to the 
degrees of freedom is a measure of how much 
the sum of squares differed from the expected 
value. 

A ratio somewhat near to one implies 
that the individual standard deviations used 
with each measurement corresponded to the. 
normal range of its measured minus calculated 
values. A large ratio suggests that at 
least for one measurement this correspondence 
did;, not occur* If all measurement variances 
are increased by this ratio,. then correspond 
dence will have been forced to exist. 

The term measured minus calculated value 
is called a .measurement, residual . That 
residual is itself also a random variable. 

If different complete sets of measurement 
devices were used to gather sets of measure- 
ments, aqd each set was used to solve the 
redundant equations by minimizing the 
weighted sum of squares, a set of residuals 
corresponding to each measurement would be 
obtained. Each of these residuals is a nor- 
mally distributed random variable with an 
expected value of zero. The standard devia- 
tion of this distribution can be computed 
from the theoretical considerations without 
the need of obtaining sets of measurements. 
This information can be extracted from the 
redundancy present In the measurement system. 
The following transformation from normal to 
unit normal can be made: 




Standard Deviation of Measurement Residual 


The zero is the mean value of the resid- 
ual. In the same way that measurement stan- 
dard deviations were all increased by the 
ratio obtained from the chi-squared distrib- 
ution. the measurement residual standard 
deviation also becomes increased by this 
same factor. Theoretically the effect of 
the factor is to increase the standard 
deviation of measurement residuals such that 
the residuals of good measurements are en- 
closed within the 3^" range around the mean 
of Aero. If the effect of the factor is 
emitted and the results of the above trans- 
formation ranked from large to small values, 
the residual of the bad measurement would 
tend to be at the top of the list. Intu- 
itively this can be inferred considering 
that the effect of a bad measurement is so 
strong, that the normal possible range of 
all the ether good measurements within their 
individual 3Vwill result , in a smaller re- 
sidual standard deviation for the bad measur- 
meat than for the good ones. As in the 
above transformation the standard deviation 
appears in 'the denominator, it will push 
the bad measurement term towards the top of 
the list, even if its actual residual was 
small. With the inclusion of the factor, 
the whole list is scaled down such that in 
the unit normal transformation the good 
measurement terms will tend to be smaller 
than 3^” with a 99% confidence. In. practice, 




it happens that the factor cannot' be 'computed 
exactly from the chi-squared distribution as 
only on® point of that distribution ik avail- 
able and the approximation was . made to cion-' 
sider that point to be the expected value.. 

The error in the factor makes the transforma- 
tion inexact and instead of transforming,. into 
a unit normal, it can be shown that it trans- 
forms into a yery similar distribution called, 
the Student-t distribution. In fact, for 
degrees of freedom larger than about 30, the 
unit normal and the Student-t are practically 
identical. The effect of the Student-t is 
that* the 99% confidence instead of being at 
a level of 3^" is at a number somewhat smaller 
that) 3cn The Studeht-t test to determine 
which of the transformation terms is the 
largest of those above the 99% confidence 
level, is called the bad data identification 
test . The importance of the factor is that 
it make#, the bad measurement Identification 
more clear cut. Occasionally it may happen 
that several measurements are closely beyond 
their 3 j levels' such that the chi-square 
detection, test flags the existence of bad 
data. The Student-t identification test finds 
that the largest term in its ranked list is 
smaller than the 99% confidence level and 
concludes that no clear cut bad data exists. 

It was mentioned that the standard 
deviation of the residual distribution can 
be computed from theoretical considerations. 
Similarly; the standard deviation of the 
state variables, the voltages, and that of 
the flows themselves can also be computed. 
Assuming that the calculated value is an 
approximation to the mean, that value plus 
or minus 3 C" gives a range in which the. true 
value lies with a 99% confidence, assuming 
that the voltage and flow distributions are 
normal. These 3&~ ranges are called 
confidence limits . A smell confidence limit 
implies high accuracy. 

NETWORK CONFIGURATION. 

An important aspect in power, system 
security is the knowledge of the status of the 
various system facilities. 

These facilities are interconnected by 
means of circuit 'breakers which may operate, 
at any time. Thus, monitoring of circuit 
breaker status in real-time is essential to 
determine the present operating condition of 
the system as well as for the analysis of 
system contingencies.. 

There are* three basic effects of circuit 
breaker operations s 

1) Circuits may or may not be discon- 
nected. 

2) Substations may include one or more 
electrical nodes. Thus, the total number of 
system nodes can be variable. 

3) The power system may split int>~ two 
or more separated areas. 

Also, knowledge of the status of the 
various measurements is required for state 
estimation purposes because the number of 
equations in the system model depends on the 
number of measurements available. 



Therefore, in any monitoring system, a 
Network Configurator should be included. The 
function of the Network Configurator is to 
analyze the status of circuit breakers as 
well as measurements and to automatically 
determine the current model of the power 
system. 

A possible Network Configurator is the 
one developed at A BP which, although con- 
ceptually simple, is general in the sense . 
that it can handle any breaker scheme at 
the various substations. 

The logic to determine which facilities 
are connected at a substation is the same 
as that to determine if the power system 
has split into two or more areas.' 

An Important complement of the configur- 
ator logic Is a Data Base in which every 
circuit breaker is defined in term# of sub- 
station and facilities connected at its two 
terminals. It also includes identification 
of measurements with associated facilities. 
This Data Base is maintained current by 
operations personnel in accordance with any 
structural changes or additions at. the 
various substations. 

The Network Configurator interfaces with 
the Teleprocessing System, the State 
Estimator and the Display System. 

The Teleprocessing System continuously 
seens the status of pircuit breakers and 
in the event of a change, the configurator 
is informed. The Configurator logic then 
traces the paths provided by closed breakers 
at the various substations where changes 
have occurred, lists associated with each 
closed path then include all those facili- 
ties which are incidental to common nodes. 

Once the status of the network facilities 
is determined, the same logic is used in 
tracing the paths provided by facilities 
energized at their terminals. Appearance 
of more than one list of interconnected 
facilities means two or more separated 
areas. 

At this point, the configurator can pass 
to the Estimator an updated version of the 
network modiel. 

When faulty measurements are detected 
and identified, the configurator function 
is to remove the measurements In questions, 
analyze the effect on the model and return 
the proper model to the Estimator. 

Finally, the configurator, through his 
interface with the Display System, drives 
the proper indications and alarms. 

CONTINGENCY ANALYSIS 

. The analysis of system contingencies has 
been a function performed for system plan- 
ning purposes since the days of the Net- 
work Analyser. This function consists of 
simulating outages of generating units 
and transmission facilities to study their 
effect on bus voltages, power flows, and 
the transient stability of the power system 


as a whole. 

With the advent of digital computers, 
programs such as the Load Flow and Transient. 
Stability were developed in the late 1950's 
and early' I960 1 s to perform the contingency 
analysis function. 

■ Substantial progress has been made in 
improving the quality of these programs in ' 
terms of their calculation speed as well as 
their ability to simulate more precisely 
the various system components. For. instance, 
the early Load Flow programs using the Bus 
Admittance Matrix for its formulation and 
Gauss Seidel as the numerical solution, 
evolved through the Newton Raphson solution, . 
exploiting the sparsity of the Jacobian ; ; 
matrix and up to a decoupled technique. In 
this technique, the Jacobian matrix is 
assumed constant and the variables of the 
problem become decoupled i.e. peal powers are 
related only to the voltage angles and re- 
active powers to voltage magnitute. 

This Substantially improved the calcula- 
tion speed of the Load Flow program. In 
the Transient Stability area improved models 
for synchronous* machines, governors, excita- 
tion systems, etc. have been developed. 

Fay operation security, most control 
centers have access to these programs in an 
off-line mode and some are adapting them to 
the real-time environment. In this case, 
the System Operator has been provided with 
means such as keyboards, lightpens and CRT's 
to simplify the input data requirements and 
the selection of the contingency cases to be 
Studied. 

Emphasis has been placed in adapting 
■the Load Flow program for the analysis of 
steady state contingencies. Also, various 
techniques have been developed in whlQh 
distribution factors are used to screen, 
from all probable outages, those outages 
which are likely to result in unacceptable 
loading conditions. These outages then, are 
studied more rigorously using a conventional 
A.C. Load Flow program. 

There are some fundamental differences 
between the contingency analysis to be per- 
formed at a control center and that for 
planning purposes* 
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In real-time, the current state of the 
power system must be known in order to pre- • 
diet a future state resulting from the outage 
of one of the system facilities. Also, the 
selection of the contingency eases to be 
studied Is strongly governed by current oper- 
ating conditions. State Estimation and Sys- 
tem Configuration programs provide the 
starting point on which contingency analysis 
can be based. ' :; 
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In planning studies j outages of system 
facilities are simulated In accordance with 
a single, double or higher order contingency 
criterion. In real-time, depending on cur- 
rent conditions, which may already include 
one or more outages, a subsequent single 


contingency case might correspond to a higher 
order one in planning studies. 

Planning studies focus on outages of 
generation and transmission facilities. In . 
real-time, the status of circuit breakers 
at the various substations is important for 
contingency selection. For instance, due to 
construction, maintenance, temporary arrange- 
ments, site,, the breaker status at a sub- 
station might be such that the operation of 
another breaker, which normally results in 
the outage of a single facility, might this 
time result in several facilities becoming 
out of service. 

Proper selection of contingency cases is 
a difficult problem. Pattern recognition 
techniques appear to be promising in this 

area. 

.U.JBxt graft! Sya.tarc . 

External System is defined as that portion 
of an interconnected network which is outside 
the reach of the direct monitoring system of 
the network of interest. 

The operating condition as well as the 
reaction of the external, system, affects the 
results of contingency analysis of the 
monitored portion. 

This basic problem, of Insufficient infor- 
mation could be solved by real-time inter- 
change of data amongst the utilities of the 
interconnected network and/or extending the 
range of monitoring systems. However, the 
interchange of real-time data is not a 
simple problem, and various procedures to 
cope with this fact either are in use or 
under investigation. 

<*) Conventional Network Reduction 

This technique has been used in system 
planning studies where a portion of a 
network is replaced by its equivalent 
for reducing the problem sise. However, 
it does not take into aocount the 
varying operating conditions of the 
replaced portion of the network. 


conventional reduction techniques and 
assumptions on leads, generation and 

configuration. 

. State Estimation is then extended to 
the new boundary buses. 

. .. . Equivalent injections at the new . . 
boundary buses are computed from 
the algetraic sum of the total 
flow into these nodes from the 
internal system and the flows in 
the equivalent lines. 

. The equivalent injections are tested 
using past history to verify their 
validity. These tests also detect 
If unreported configuration and/or 
injection changes have occurred in 
the . external system. 

The above procedure is being tested 
at AEP at the time of this writing. 

So far, results have been encouraging. 
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Once the external equivalent is avail- 
able the problem remains of solving the 
network equations with the simulated con- 
tingency case. However, to account for the 
uncertainties in the input data it appears 
that the Stochastic Load Flow can be suit- 
able. The Stochastic Load Flow is a con- 
ventional Load Flow with a post-processor 
in which the variances of the input quanti- 
ties are considered to determiie the vari- 
ances of the results. 

CORRECTIVE STRATEGIES 

The monitoring system keeps track of 
current steady state operating conditions 
whereas results from the contingency analy- 
sis provides conditions which are likely to 
occur in the event of system outages. 

Either one of these conditions may violate 
some specified limits? therefore, the 
system operator should be provided with cor- 
rective strategies to bring the system back 
to normal. 


(b) 


(c) 


fretwork Id entification 
Several papers have reported theoretical 
attempts to identify external networks 
solely from measurements taken in the 
internal system. However, no approach 
has been announced that has been shown 
to work under all operating conditions 
of the external system. 
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n this approach, conventional reduction 
techniques are complemented by internal 
measurements in an attempt to compensate 
for the assumptions made in conventional 
reduction techniques. A procedure that 
appears promising is as follows s 


. The portion of the external system 
consisting of all lines and modes 
directly connected to internal bound- 
ary buses, is retained es part of the 
Internal system. The remaining portion 
of the external system is then re- 
placed by an equivalent using 


The principal means available to the 
operator to take corrective action are* 
power generation schedule, switching of 
reactive sources, transformer taps, voltage 
schedules and power interchange with inter- 
connected networks. 

At present, corrective strategies .are 
based on operator experience and guidelines 
from .off-line studies. With increased 
complexity of power systems, it appears that 
this procedure may become inadequate. 

Since the I960' s. analytical techniques 
have been developed in thq areas of optimal 
load flows. These techniques, in contrast 
with conventional load flows, permit 
handling additional constraints such ass 
allowed range of voltage levels as well as 
capabilities of generation and transmission 
facilities. Therefore, such techniques ap- 
pear suitable to the problem of determining 
corrective strategies. 
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Various methods have been proposed; how- 
ever, to the author’s knowledge, none has 
been used in a real-time environment at a 
control center. 

The purpose of these methods is to 
optimise some system objective function, 
such as production cost, losses, etc. sub- 
ject to physical limiting constraints on 
facilities and the observation of the net- 
work laws. 

Following are brief description of three 
proposed methods : 

II .Rgfosefl .Or«U.ep$ ' , . - , , 

In this method, a Lagrangiax approach is 
followed, i.e.s 

. The objective function is augmented 
by the constraints multiplied by 
their associated lagrangian 
multipliers. 

. The partial derivatives of the 
augmented function with respect 
to the control variables is forced 
to be aero at the solution point. 

For the process, the control variables 
are corrected in the direction along the 
SXA &XSDSL> The reduced gradient is 
the gradient of the augmented function 
computed at the point where the dependent 
variables force quality constraints to be 
met. In other words, the direction of 
travel is along the equality constraints 
and the amount of oorreotion Is determined 
by adjusting the step size. This adjust- 
ment is the most critical part of the 
process. 

" The following simple example permits & 
geometrical interpretation of the process. 

Consider the economic dispatch of two 
generating units, one of which operates 
at a limit. 

The objective function to be minimised is 
f , c 1 (P 1 )« s (P 2 ) 

subject to the constraint h = (P^P-^-Pg) 30 

where P_ is the total generation required. 

The augmented function is 
F * f+Xh 

Taking the. partial derivatives, 

VF * 7f+X7h 



FIG. 3 v 

GEOMETRICAL INTERPRETATION v - 

OF LAGRANGIAN' APPROACH J 

1 1 


i2Q Hessian Matrix 

. The objective function is augmented 
by the square of each constraint 
equation multiplied by a weighting 
factor. 

...ft, 

. The resulting augmented function 
is expanded into a Taylor stales 
up to the first order, term. 

. The partial derivatives of the 
expanded function with respect 
to the state variables are* equated 
to zero. This results in an 
equation containing a matrix of 
second partial derivatives, the 
Hessian Matrix. 

. This last equation is iterative^ 
solved to successively correct the 
state variables until a minimum of 
the augmented function la found. 
During this iterative process, the 
weighting factors of those con- 
straint equations that persist in 
remaining outside limits is in- 
creased to force the process to 
concentrate on these constraints. 

Similarly to the case of the Reduced 
Gradient In which the adjustment of 
the step size was critical, the 
adjustment of. the weighting factors 
is the most critical part of the. 
Hessian Matrix approach. 


where 7 denotes gradient vector whose 
entries are the partial derivatives of the 
associated function with respect to the 
control variables. 
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This method is currently being developed 
at AEP in an attempt to cope with the prob- 
lembs of step slse and. weighting factors. 

The method uses a sensitivity relationship 
to predict the effect on the constraints 
when the control variables are corrected. 

This mechanism permits adjusting the step 
size and weighting factors in a stable 



manner, This method is reported in a paper 
presented at PICA 1977. 

CONCLUSIONS 

Proper. planting is an essential prerequi- 
site for securi y of system operation, but 
planning studies cannot cover all the con- 
ditions which will occur in real-time. 

In the real-time environment, the system 
operator has to face the fact that the full 
capabilities of the system are seldom avail- 
able. Nevertheless he has to do his best 
In optimizing the secure and economic opera- 
tion of the system. A basic requirement to 
perform this function is a trustworthy 
monitoring system. 

The complexity of present power systems 
requires that means for real-time contingen- 
cy analysis be available at the control 
center. 

Techniques for contingency analysis 
should address the problem at the substation 
level. This is in contrast with the ap- 
proach followed in system planning in which 
outages of generation and transmission 
facilities are studied. A major problem 
in this area is the proper inclusion of the 
effect, upon the network of interest, of 
those portions of the network which are 
outside the reach of the monitoring system. 

In the area of corrective strategies, 
additional efforts should be made for 
applying optimal load flow techniques In 
the real-time environment. These techniques 
are suitable for arriving at real-time 
guidelines for eliminating undesirable 
conditions such as overloading of system 
facilities and violations of scheduled 
voltage levels. 

Finally, alt. nigh this paper deals 
with the subject of power system security, 
the problem should be approached as a part 
of the overall functions of a control 
center. Figure V shows a diagram which 
attempts to indicate these functions and 
their interactions. 
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I* COMPUTER SUBSYSTEM 
XN THE ENERGY CONTROL CENTER 

The Computer Subsystem Is the primary tool In the 
Energy Control Center* It is the heart of the opera- 
tion - controlling generation and transmission, gather- 
ing and analyzing data* generating logs and updating 
displays* All these real-time operations are based on 
operator inputs and data acquired utilizing logic pro- 
grammed into the computer* The initial capability and 
ultimate expanded capability of the computer subsystem 
is a major factor determining the responsiveness of the 
control system and the ultimate workload of the control 
center. 

By acquainting the reader with the computer hard- 
ware and system software, the advantages and disadvan- 
tages of various options, and functions and features 
required in the unique environment of a real-time con- 
trol center, the authors hope to help the prospective 
control center purchaser to specify the system he de- 
sires and analyse the proposals to him. A block dia- 
gram picturing the place of the computer subsystem 
within the Energy Control Center is shown in Figure 
1 - 1 . 

II* OVERVIEW OF COMPUTER 

A, Basic Elements 

The basic hardware elements of the computer sub- 
system Include the Central Processing Unit (CPU), the 
Input /Output Processor (IOP), Main Memory, and Periph- 
erals* The CPU is the master controller of the com- 
putet, and it performs the arithmetic operations and 
makes the logical decisions* The Main Memory is the 
storage location for the data and the programs that use 
the data* The IOP transmits data between the Main Mem- 
ory and the Peripherals, while the Peripherals convert 
the data into an output format for human intelligence 
or Input data for computer utilization* This basic 
hardware is one of the operating system’s resources* 
The CPU under direction of the operating system will 
call application programs which in turn will maintain 
the data base and control the power system* 

B. Architecture 

. Computers are organized along two major architec- 
tural systems, as shown in Figure II-l* In one case, 
the computer consists of a multiple number of busses* 
One bus for the CPU and other busses for each IOP* At- 
tached to the IOP are the various Peripherals that are 
part of the computer subsystem* The busses are con- 
nected to Main Memory through multiports permitting the 
CPU and the IOP f s to operate independently and simulta- 
neously* In the second case, there is one bus that 
connects the CPU and all the IOPV to Main Memory* The 
Peripherals are attached to the I0P # a. In this case, 
the access to memory by the CPU and the I0P # a is done 
sequentially on a priority basis* This permits a com- 
mon design for the elements 9 Interfaces to the single 
bus* . 

The advantage of one architectural system over the 
other Is not inherent in the design* The sequential 
operation of the single bus system can overcome the 
possible advantage of the simultaneous operation of 
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the multibus system by being much faster and simpler 
in design* 

C. Performance 

While most computer subsystems have the same ba- 
sic elements, there Is a difference in their capabil- 
ities and performance* The major factors contributing 
to performance are word size, maximum Main Memory, Pe- 
ripherals, particularly Bulk Memory, and I/O Bandwidth* 
The range of computer word size is from 8 bits 
to 64 bits though the majority of computers in Elec- 
tric Power Applications are 16* 24 and 32 bit words* 
Main Memory capabilities may range from 32 K words to 
about 1024 K words (where K equals 1024)* The more ti- 
ssual values have been between 64 K words and 128 & 
words though the trend is upward [1], 

Bulk Memory is composed of Peripherals that are 
attached to TCP’s* Bulk Memory is critical to the 
performance of the computer subsystem and works , in 
conjunction with Main Memory* Its size is mea- 
sured in millions of bytes (Megabytes) where a byte is 
8 bits* * Bulk Memory capacity has usually been three 
to twelve million bytes but the trend is for greater 
capacities, as high aa 40 to 80 million bytes* 

The capability to transfer this large amount of 
data between Bulk Memory and Main Memory has put heavy 
demands on I/O processing throughput* 1/0 Bandwidth 
measured in kilobytes/second is the capability of the 
1/0 to pass data between memory and its attached Pe- 
ripheral* The usual values for 1/0 Bandwidth have 
rbeea from 300 kilobytes to 1000 kilobytes per second 
! but computer subsystems for Electric Power are now ex- : 
1 ceedlng 10,000 kilobytes per second* 

1, y***. — «a ii-*v a 
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XIX. HARDWARE 

A. CPU 

The CPU as it# name implies 1# the center of the 
computer subsystem. It interprets instructions, com- 
pare* values, accesses memory, and control# the flow 
'of data in and out of I/O devices. Word size ha# a 
very important effect on the operation of the CPU. An 
instruction word usually consists of four parts; 1) an 
operation, 2) a Main Memory reference address, 3) a 
register address, and 4) modifiers. Figure 1 1-2 shows 
how the 16, 24 and 32 bit word instruction format may 
be organised. A 16 bit word may use 8 bits for ad- 
dress, 4 bits for operation, and 4 bits modifier such 
as index, indirect address and displacement. The reg- 
ister address is predefined and therefore it is not 
needed. A 24 bit word nay use 14 bits for address, 6 
bits for operation, 3 bits for register address and 
indexing, and one for modifier. A 32 bit word may 
have 17 bits for address, 7 bits for operation, 4 for 
register address, 3 for index register, and one for 
modifier • ■■ v ■; ... > . 

The maximum amount of Main Memory that can be di- 
rectly address is limited to the reference address 


bits in the instruction word. Thus 8 bits can directly 
address up to 256 words, 14 bits can directly address 
up to 16 K words and 17 bits can directly address up to 
128 K words. By means of second instruction words, in- 
direct addressing, indexing, using displacement regis- 
ters, and extending bits, the maximum directly address- 
able Main Memory is usually between 64 K words to 256 * 
words . 

A popular way i * overcome the memory address lim- 
itations imposed by the CPU is to employ memory map- 
ping. Memory mapping may be accomplished by a number 
of different methods but most use part of the reference 
address of the instruction word to point to another 
register whose contents are appended to the reference 
address to permit addressing larger Main Memory. This 
also gives the added benefit of permitting programs to 
be segmented into different available areas of Main 
Memory and still appear contiguous to the operating 
system, thus permitting more efficient allotment of 
Main Memory. 

Instruction set size can be determined from the 
number of operation bits, but by means of modifiers 
under special cases additional instructions may be in- 
ferred, The number of registers that are directly 
available to the CPU are also derived from the instruc- 
tion word. Again, It is possible to extend* this by 
such means as a modifier or use of a second word. 

Instruction times for the simple direct operation 
such as load, store, add, etc. for computer subsystems 
commonly used in the ECC are 1.1 to 1.4 microseconds 
and somewhat Independent of computer word else. How- 
ever, the execution of programs containing theae in- 
structions may vary by more than 502 because the larger 
word size machines may use fewer instructions. Also 
contributing to the faster execution times are Such so- 
phisticated techniques as look-ahead which permits more 
than one instruction in the operation cycle, register- 
to- register operation to eliminate access time. to Main 
Memory, and the use of firmware for complex instruc- 
tions such as floating point. Floating point firmware 
or hardware la a typical requirement for systems pro- 
viding unit dispatch and commitment and security func- 
tions. 

Firmware which is literally burning in a program 
on an integrated circuit (IC) chip is a cross between 
hardware, where everything is done with components, end 
software where the operation is done by a program. 
Firmware is not only *sed to perform specialized in- 
structions, but to emulate the whole CPU, The use of 
firmware permits a reduction in manufacturing cost and 
an improvement in computer operation. The emulation of 
an existing CPU instruction set permits software that 
has been developed and proven to be used without mod- 
ification. Thus, a * computer whose CPU is emulated by 
meens of firmware may be less expensive, operates fas- 
ter and utilizes known and proven programs. 

A CPU used in an ECC should have real-time opera- 
tional featurea such as Real-Time Clocks, Multilevel 
Priority Interrupts, and Rapid Context Switching. The 
Real-Time Clocks permit the start of periodic function 
to occur at specific instants and be related to real 
time* The use of Multilevel Priority Interrupts pro-, 
vide# for rapid response to external events, with each 
interrupt Identified and responding according to its 
priority. When responding to an interrupt Initiated e- 
vent, the CPU must use Rapid Context Switching to pre- 
serve the current environment and set up the new envi- 
ronment within a minimum time. 
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.operation of che ccsnputer. Busses connect the CPU to 
Main. Memory and to the I/O processor and may be one 

byte or more wide. 

There are two basic types of operations on the 
bus, asynchronous and synchronous. An asynchronous bus 
requires an answer back from the device or component 
addressed and thus usually Is slower , but permits wider 
tolerances In cable ler^ths, placement of elements 
within the system, and response time. A synchronous 
bus may be faster, but each operation is run from a 
master clock which requires tight tolerance of cable 
and wire lengths, relatively less flexible arrangement 
of computer elements, and very exact response times be- 
cause of possible, problems in propagation and disper- 
sion. 

C. Main Memory 

There are two types of Main Memory found in ECC 
computer subsystems. They are core memory and solid 
state memory. The core memory is the older type and 
has been in general use for more than 15 years, con- 
stantly being improved in its speed of operation and 
reliability. The cost of core memory over the years 
has steadily dropped. Solid state memory design con- 
cepts are not new, but only recently has solid state 
memory been found in computers for Electric Power ap- 
plications. 

Core memory has one distinct advantage over solid 
atate memory In that it is nonvolatile. It does not 
lose its Information when power is turned off. Solid 
atate memory i» volatile, but this becomes less impor- 
tant with the various power backup methods that have 
evolved. 

In other respects the specification for core mem- 
ory and solid state memory are very similar. Access 
time for core memory ranges from 250 nanoseconds to 
1200 nanoseconds, while solid state memory may not be 
much lower than 250 nsec. However, more importantly, 
core memory is performing ss best as could be expected 
from its design; while solid state memory appears to be 
capable of much better performance. This includes ac- 
cess time, packing density, cost per bit, and reliabil- 
ity. 

The need for greater packing density, lower cost, 
faster access time and greater reliability is due to 
the ever increasing demand put on Main Memory by the 
requirements of electric power applications* 

Main Memory In a real-time computer subsystem 
should have a provision for error checking when infor- 
mation la read from memory. Two types of error check- 
ing are usually found; 1) single bit parity checking, 
2) multibit error checking and correction. 

Parity checking uses one bit for each word or one 
bit for each byte and detects all single bit errors 
within the word or byte. Multibit error checking and 
correction may use a number of bits per word, usually 5 
or 6, which detects and corrects all single bit errors 
and may detect almost all multiple bit errors. 

Parity checking Is normally found in core and sol- 
id state memory but multibit error checking and correc- 
tion is usually found only in solid state memory sys- 
tem. Solid state memory can more readily add the extra 
bits needed for error checking and correction and it o- 
aually needs this enhancement for better reliability. 

Since Main Memory cannot be indefinitely expanded 
to hold all the needed programs and data required by 
the ECC, Main Memory is divided into resident and over- 
lay areas. Resident area holds those programs and 
their data which must be in Main Memory all the time 
because of their frequent use and importance to be com- 
pleted within a very restrictive time frame. The over- 
lay area is used by programs which ere brought in from 
bulk memory when needed end thus more than one program 
may overlay the same Main Memory area. Main Memory 
else la usually determined by the requirements for res- 
ident programs and data, and the largest program needed 


in the overlay area. 

Main Memory protection is required In real-time 
computer subsystems to permit the concurrent operation 
of the real-time programs with study and other support 
programs. Memory protection which may be controlled by 
hardware or software, or both, provides access protec- 
tion of Main Memory and prevents inadvertent destruc- 
tion of critical program. 

D, I/O Equipment 

In order for the outside world to communicate with 
the computer subsystem, Input/Output Equipment is need- 
ed. Methods utilized include special processors called 
I/O processors, intelligent controllers, and direct’ 
I/O. Only the direct I/O Is required to be under the 
constant control of the CPU. The I/O equipment is tied 
to the CPU and Main Memory fey means of busses which 
sand and receive data, control, and status information. 

I/O processors are specialized processors that may 
be able to handle large numbers of input /output devices 
independently of the CPU. They usually consist of s 
number of channels, 8, 16, 32, In which there is a dif- 
ferent device on each channel. All channels may be op- 
erated simultaneously. The only limitation is the band- 
width, or number of bytes being transferred by the I/O 
processors. To effectively Increase the bandwidth more 
I/O processors may be added to the computer subsystem. 
Each processor may have its own access or port to Main 
Memory. In some designs the I/O processors do not have 
their own memory port, but cycle steal with other bus- 
ses to memory in which case the effective bandwidth is 
reduced by* 10 to 20%, 

The 1/0 processor can operate all Its channels 
concurrently, sorting out which Is to receive or send 
data. The 1/0 processor checks for any errors, deter- 
mining where the data is to go and stopping on individ- 
ual channel when the transfer is completed in that 
'channel. It informs the CPU when its transfer is com- 
pleted, sending the CPU the status of the channels per- 
formance. 

Intelligent controllers have similar functions as 
the I/O processors, but are organized in a different 
manner v Each controller contains a microprocessor 
which is programmed in firmware to perform the input/ 
.output functions for that controller and its device. 
Thus, each intelligent controller must be programmed 
specially for its associated 1/0 equipment. The advan- 
tage of the intelligent controller Is that no addition- 
al 1/0 hardware is needed than is used by the computer 
while an 1/0 processor must be designed and installed 
with the capabilities for its ultimate capacity. How- 
ever, there is no effective means to Increase the band- 
width o f the I/O with intelligent controllers since 
they all operate on one bus and therefore the computer 
subsystem must have sufficient 1/0 bandwidth built into 
its original device for its ultimate application. 

Direct 1/0 under control of the CPU Is not normal- 
ly used for the same functions that are used for the 
1/0 processor or intelligent controller. The direct 
I/O brings in or sends out data through the CPU and 
therefore burdens the CPU with Its operations. The Di- 
rect 1/0 Is best suited for data that is limited to a 
few words or even to a few bits within a word. Its 
primary function Is to enable the CPU to gain quick, ac- 
cess to the outside world and to immediately interpret 
the information. Thus, inputs from operator panels may 
be handled through the Direct 1/0. Other possible 
functions are output to mapboards to show change In 
status and to recorders to update analog values. The 
enabling or disabling of a device for backup or fail- 
over may also be performed through the Direct I/O. 

The I/O processor and the Intelligent controllers 
usually handle larger streams of data such as those 
from magnetic tape, card reader, and line printer pe- 
ripherals. Bulk storage devices and CRT displays are 
also functions that use the 1/0 processors or intelll- 
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gent controllers. Whenever the data stream is long 
compared to the overhead of the CPU for setting up the 
I/O processor or intelligent controller, it is advanta- 
geous to use this method* In cases such as data acqui- 
sition from remote terminals, the advantage of this 
method over Direct I/O Is not as obvious* Since the 
length of the stream of data varies for different ap- 
plications, both methods have been employed. It should 
be noted that the I/O processor and intelligent con- 
trollers always have the distinct advantage of doing 
all the functions of the direct I/O without adding di- 
rectly to the burden on the CPU* 

B. Bulk Memory 

One of the most Important devices within the I/O 
equipment group Is the Bulk Memory. , Bulk Memory pro- 
videa the permanent storage for all programs In Main 
Memory resident area as well as the overlay ares. In- 
cluded in Bulk Memory storage is the data base, histor- 
ical files, operating system, and temporary storage for 
overlay area programs. 

Two major types of Bulk Memory devices are the 
Fixed Head Disc (FHD) and the Movable Head Disk (MHD). 
The FHD haa one magnetic head per track with both read 
or write capability; while the MHD has one magnetic 
head per surface which is moved from track to track. 
The FHD can start to transfer data to or from the disk 
as soon as the segment or sector of the track reaches 
the head. The MHD must move the head to the track of 
interest and then wait for the sector to pass under the 
head . 

FHD may have 8.5 millisec to 17 mllllaec average 
access time which is the wait time between requesting 
the data and start of transfer of data* Average access 
time Is one-half a maximum access time and under many 
circumstances average access time can be reduced or 
eliminated by means of simple algorithm* 

MHD*s have average access time of 30 to 50 milli- 
sec which is the combination of the average time to 
move from one track to another and the average time for 
the sector to reach the head. The maximum access time 
is double the average access time and there is no sim- 
ple algorithm to reduce the value to aero* 

In addition, FHD may have write protect switches 
which prevent groups of magnetic heads from writing on 
to the disk without interfering with their ability to 
read from these same tracks, MHD* a do not usually have 
such features since the head moves over a large number 
of different tracks* 

FHD usually ranges In size from less than one meg- 
abyte to about 20 megabytes while MHD*s are sized from 
2 megabytes to over 100 megabytes* Transfer rates of 
the two devices are relatively similar; the FHD ranges 
from 250 kbytes/sec to almost 1 megabyte/sec while the 
MHD is from 350 kbytes to 1*2 megabytes per second. 

The cost of an FHD way be over 5 to 10 times more 
then an MHD, for comparable size of Bulk Memory. Com- 
paring the FHD to Main Memory the FHD is about 40 times 
less expensive per byte (See Figure III-l), 

Because of the faster access time Inherent In the 
FHD, the capability to protect certain tracks by means 
of write protect switches, and the higher cost per meg- 
abyte for an FHD, the choice of Bulk Memory has to be 
made according to the requirement a of the ECC* Where 
high capacity is needed and slower access time can be 
tolerated, the lower cost MHD may be the better choice; 
but where faster access times are a necessity and the 
write protection required, then the FHD is preferable* 
In many ECC centers both are used, and their assignment 
is based on the requirements of the applications* 

A third type of Bulk Memory is bulk core or solid 
state memory which is inexpensive memory but formatted 
to be similar to an FHD* The access time is always al- 
most zero and the transfer rate can be as high as 1 to 
4 megabytes /sec. Its cost is approximately 4 times 
less than Main Memory* The primary function of bulk 
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core would be to work with the Main Memory overlay 
areas and to provide fast acceaa and high transfer 
rates to large programs that would otherwise need undue 
amounts of resident Main Memory. 

F. Long Term Storage 

The CPU, Main Memory, I/O equipment, and Bulk 
Storage have been part of the real-time function of the 
computer subsystem. They are considered critical to 
the operation of the ECC. The long-term storage device 
while obviously important is not usually part of the 
real-time function. These devices Include magnetic 
tape, card reader and punch, paper tape reader and 
punch. They provide the program source end object code 
storage as well aa the data storage and may be used for 
system dumps of memory. 

For systems found in energy control centers, mag- 
netic tape and cards are usually used; while paper tape 
Is used only for very special circumstances* Paper 
tape is much too alow a medium, usually transferring 
data at 300 to 1000 bytes per second* Given the size 
of systems at the ECC where Main Memory may be 128 K 
words and Bulk Memory over 10 megabytes, it can be seen 
that it could take hours to transfer programs and data 
in or out of the computer. 

Magnetic tape specif icat Iona include the tope 
speed in inches per second (Ips) and recording density 
in bytes per inch (bpi). Additional specifications in- 
clude the recording method, which may be either ooa-re- 
tum to zero (MR2T) or phase encoded (PE), and the record 1 * 
ing format, which may be 7 track or 9 track* Most tape 
units operate at 37.5 ips, 45 ips or 75 i pa with a re- 
cording density of 800 bpi or 1600 bpi, using KStZX with 
800 bpi and PE with 1600 bpi. The almost universal 
format is IBM compatible 9 track in which 8 tracks are 
data and 1 track i» parity* Tapes recorded at one 
speed may be read at another speed, but the magnetic 
tape unit must use the same recording density, record- 
ing method, and format. 

Magnetic tape drive units use two methods for buf- 
fering the tape between reels. The lower speed units 
use mechanized arms to take up the alack between reels 
while higher speed units provide vacuum columns. The 
vacuum column ia preferred aver the mechanized arm be- 
cause it reduces wear on the tape. 

Changes to programs or to the data base is usually 
done via the card reader by cards that have been menu- 


‘•:.u ( ,y punv'i&d on a keypunch. Card readers transfer be- 
tween 100 to 15DG cards per minute which can provide 
~roai 200 to 300 bytes /second* As can be readily seen, 
this is not a feasible procedure for reading whole pro- 
grams into computer systems, but when a small number of 
cards are involved, it provides a very reliable method. 
The most common procedure is to use the magnetic tape 
unit to load a computer with all its programs and data 
base. The update or modification information, once 
read into the computer via card reader, is merged with 
the information already in the computer and a new pro- 
gram or data base can be dumped onto magnetic tape for 
long-term storage. 

C. Line Printer 


Line printers provide programmers with hard copies 
of the programs and data stored in the computer. They 
are also used for output of large volume logs for his- 
torical purposes or records* They may have additional 
functions such as diagnostic printout or backup to on- 
line loggers. Normally the line printer is not consid- 
ered part of the real-time functions of the ECC, but is 
very important to the update, modification and mainte- 
nance of the system. 

Line printers are specified by the number of lines 
per minute printed which varies from 200 lines to 1200 
lines per minute. Because of the heavy usage and the 
large volume of data printed, impact hammer type is 
preferred. However, at the lower speed impact dot ma- 
trix printers may sometimes be used. The impact hammer 
type printer noise level is such that the manufacturers 
must encase the printer In a noise reduction enclosure. 
The noise level is reduced to below that of an office 
typewriter. 

Printers normally have a 64 character set, print 
up to 132 columns, take paper of various widths up to 
19 Inches, print 6 lines per inch, each line having 10 
characters per inch, and provide a format tape to per- 
mit automatic page and line adjustment. 

H. Programmer 1/0 Devices 

Programmer 1/0 Device is usually either a KSR 
(Keyboard Send /Receive) or a video terminal. It is 
used for programmer control and communication and gives 
a hard copy or visual display of all messages between 
progr ameer and computer. The Programmer I/O device may 
be used for program checkout, error messages and con- 
trol of tha computer during the maintenance period. It 
should not be used to dump extensive programs from the 
computer. 

The KSR prints from 10 to 30 characters per second 
while the video terminal may be able to operate up to 
10 times faster. When a hard copy device is attached 
to the video terminal its output speed Is limited by 
the printing speed of the hard copy device. 

The KSR prints a 72 to 80 character line with 6 
lines per inch. The video terminal* is capable of dis- 
playing up to 24 lines, each Una 72 to 80 characters 
wide. The character set commonly used by both is the 
USA standard cods for Information Interchange (ASCII). 

Every computer system must have an 1/0 Programmer 
device in order to be able to start-up and be main- 
tained. The choice of device varies widely and depends 
mostly on the preference of the user, 

I. Physcial/Eavironmantal Requirements 

1. Environment 

The temperature and humidity requirements in the 
Energy Control Center are moat stringent for the com- 
puter subsystem. The computer subsystems usually found 
In SCC have upper temperature specifications of 90°?, 
though some may go aa high as 105*?. The lower temper- 
ature boundary is very rarely important because the 
computet self-heat will maintain the minimum tempera- 


ture. Beside the upper temperature boundary many com- 
puter subsystems must have controlled temperature 
change which may be in the range of 10* to 15* F per 
hour. Though the operating temperature range may be 
large, often the variation from the center temperature 
once established is less than the overall operating 
temperature range. The*, atost vulnerable elements in the 
computer subsystem to temperature are the Haiti and Bulk 
Memories. Sometimes e: ra cooling for these devices 
may permit the rest of the system to operat* at higher 
temperatures and over wider variations. 

While it is the high temperatures that have an ad- 
verse effect on the computer subsystem It is the low 
humidity that can cause an unfavorable operating envi- 
ronment* High humidity, above 85% R.H«, may cause some 
harmful effects to such media as card decks or magnetic 
tapes, but these are not normally part of the real-time 
operating system* As long aa there la no precipitation 
of water vapor ? high humidity is not essentially detri- 
mental to the computer. However, low humidity below 
20% R.H., may permit static discharges and cause erro- 
neous operation within the Energy Control Center. The 
relative humidity should be kept between 25% and 80% to 
insure minimum unfavorable effect* 

In order to control the temperature and humidity 
it is necessary that the Energy Control Canter have an 
adequate air conditioning system that is reliable. The 
computer subsystem usually requires from 15KVA to 40KVA 
of power depending on the size, of tha equipment. In 
turn, this may represent between 25% to 45% of the to- 
tal power requirements for the Energy Control Center. 
It can readily be seen that a failure within the air 
conditioning system may very well cause the ECC temper- 
ature to rise to a dangerous level due to the salf heat 
of the equipment. While the total sire of tha air con- 
ditioning system may depend on many factors outside the 
sphere of the computer subsystem, such as local cli- 
mate, building structure, location, etc,, 100,000 to 
500,000 BTU/hr. may be needed for the equipment at the 
ECC. 

The primary input power to the computer subsystem 
can tolerate normal variations. The supply line volt- 
age may vary as much as +10% while the line frequency 
may swing as much as 0.5 to 1.5 Ha. However, voltage 
transients or loss of power may be deleterious to the 
equipment* The CPU has usually a very sensitive power 
failure detector because it must be able to initiate an 
orderly shutdown in the computer subsystem. It detects 
loss of power within a few milliseconds in order to in- 
sure that the levels of the internal power supplies in 
the computer subsystem are capable of performing prop- 
erly before shutdown is completed. Though when power 
is restored the computer will recover in an orderly 
manner, there is with every power failure a losa of in- 
formation and control. The cycling on and off of the 
computer subsystem may also be a major contributor to 
equipment malfunctions. In addition high frequency 
transients on the line that do not affect the power 
failure detector may affect the system performance by 
being transmitted into the logic and causing erroneous 


operation. 

To overcome all these difficulties *an Uninter rup t- 
able Power System (UPS) Is recommended. The UPS may 
consist of an inverter, battery and battery charger, 
where the inverter converts the dc of the battery to 
the ac supply voltage for the equipment and the battery 
charger keeps the battery at proper operating level. 
The UPS may be backed-up by the supply line or it may 
be backed-up by a second UPS which in turn may be 
backed-up by the line. The UPS obviously must be capa- 
ble of supplying all the poser needed for the equipment 
at the ECC. There are many configurations that can do 


:his , varying from one UPS carrying the whole load to 
wo or even three UPS sharing the load. 

I , * x'f 


2, Availability 
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Xr* order to achieve a high availability of the e~ 
qulpment at the ECC, not only oust the environment and 
primary input power be proper, hut also the equipment 
configuration must he enhanced . Availability of hard- 
ware is calculated as follows: 


Availability 


Runtime 

Re time 4 - Downtime 


X 100 


where Runtime Is anytime during which the hardware 
is considered operating. 


remembered that the on-line system can do all the re- 
quired functions even if the back-up system is not a- 
vailable to do any function, including background. 

Another important function of the symmetrical re- 
dundant system configuration is the checking out of any 
additions, modification* or deletions to the system. 
This may be done off-line on the back-up computer be- 
fore they are incorporated Into the operating system* 
Tills la true for both software as well as hardware* It 
gives a high degree of assurance that when the change 
Is put on-line that it will perform satisfactorily. 


Downtime is anytime during which the hardware 
does not perform its required functions. 

The real-time components of the computer subsystem 
that perform the critical opera t lop have an availabili- 
ty that is the product of the availability of each com- 
ponent. This includes the CRD, Main Memory, Bulk Memo- 
ry and I/O equipment. The availability of such a group 
of elements may be from 99.3% to 99, 7%, It should be 
noted that the calculated availability is based upon 
average values that may occur over a long period of 
time and thus there may be a wide variation for a short 
period* To achieve an availability of 99.81 the down- 
time should be leas than 4 hours over a 2000 hours pe- 
riod (3 months, approximately). This may require a 
calculated value of availability of 99.98%. By means 
of redundant systems in which one computer subsystem is 
on-line and another is available as back-up, the real- 
time group calculated availability can be enhanced to 
over 99.99%. 

The parameters used for calculating the availabil- 
ity are based on the Maan-Time-Between Failures (MTBF) 
and the Mean Time to Repair OfOT) of each of the com- 
ponents of the computer subsystem. This data may be 
derived from a number of sources which Include: 

a) Estimations based upon experience 

b) Comparison to previous similar equipment with known 
KTBF and MTTR 

c) Counting the number of active groups (transistors, 
integrated circuits) with a known KTBF 

d) Counting the number of each component part types 
(resistors, connectors, etc.) with a known MTBF 

e) Calculating the failure rate of each component 
part, by the stress analysis method according to 
D.S. Military procedure (MIL-HDBK-217 and MIL~STD~ 
756). 

In all these reliability prediction methods, only 
the hardware Is taken Into account. The overall ECC 
system availability is also Influenced by the reliabil- 
ity of the software programs. However, software is not 
subject to the same probabilities of failure that are 
common to hardware. Software, once debugged and tested 
is not expected to fail with use. This is not to say 
that software is not without failures. In fact, many 
if not most, causes for the unavailability of the ECC 
system during startup la dua to errors in the software. 

Every ECC has its own particular requirements 
which necessitates the development of some new software 
or the modification of previously written software. 
These new or modified software programs cannot be thor- 
oughly tested and debugged under all circumstances un- 
til used in the actual system, A few problems should 
be expected during startup. These problems can be kept 
to a minimum if field proven software Is timed as a ba- 
sis for creating the new or modified programs by a veil 
experienced supplier. After startup the availability 
of ECC system should be found to be very satisfacto- 
ry UK ■ ■ ■ , ■; ' 1 

Beside Increasing the availability, a redundant 
configuration that la symmetrical also supplies two 
other important functions (3]. The back-up system can 
be in use performing background function thus relieving 
the on-line system of soma of its load. It should be 


IV. SYSTEM SOFTWA RE 

Perhaps the least discussed element of the Energy 
Control Center and the element least understood by the 
purchasers of control systems Is the system software. 
Yet the responsiveness and ultimate capacity of the 
system are directly related to the efficiency of the 
operating system, and the cost of system maintenance 
and expansion is a function of the software support fa- 
cilities provided. The function of the operating sys- 
tem is the efficient allocation of system resources in; 
n multi-programming, real-time environment. The sup- 
port software provides the programming tools for hard- 
ware and software maintenance and system expansion. 

It is desirable for the operating system to be 
specifically designed for real-time process control and 
monitoring. Very often operating systems labeled as 
real-time are in actuality general purpose or time- 
share executives that have been augmented for real-time 
operation. Because they were not designed specifically 
for real-time, such operating systems may be missing 
certain real-time features (See Table IV-1) or can re- 
quire excess overhead in performing real-time func- 
tions. 

This portion of the paper Is presented to acquaint 
the reader with the functions of real-time system soft- 
ware and the desirable features to be specified when 
purchasing a system. The importance of system software 
should not be underestimated. Undoubtedly, more devel- 
opment cost Is behind the system software than any oth- 
er element of any energy control center. The high cost 
of computer hardware Is in part due to the ,, free ,, sys- 
tem software that comes with It. 



Within the multi-task, real-time environment, the 
operating system* a function is the orderly and effi- 
cient allocation of central processor unit time, main 
memory storage, auxiliary memory transfers, and input/ 
output facilities. The operating system program fits 
within the computer 1 a Interrupt and priority structure 
as shown in Figure IV-1. 

While the efficiency and capability of the oper- 
ating system as discussed In the following paragraphs 
is of obvious importance, the Inclusion of unneeded 
functions con be costly, Hie operating system itself 
requires system resources - including typically 4CK to 
100K bytea of core and 5% to 25% of the CPU time. 
Thus, the goal is to maximize the operating system* a 
performance while minimising its own use of resources. 
Include the needed real-time features discussed below, 
but do not generate unnecessary functions Into your 

1, The Executive 

The executive Is the operating system program re- 
sponsible for scheduling CPU control and overall re- 
source allocation. 

Control flow la based on the priority structure 
such as shown in Figure IV-1. The calling of the exec- 
utive through its Interrupt signifies an impending 
change in system environment. Typically, the executive 
is called when a task (free-standing program) relin- 
quishes CPU control (e.g. . task has completed, has ini- 
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tinted irn I/O, has been aborted, etc.), when I/O Is 
cotap let ad for which a task la waiting, or when a re- 
quest for execution has been made* The executive se- 
lects the highest priority program requesting activa- 
tion and for which required resources are available, 
allocates the required resources, and grants CPU con- 
trol to the teak. 

Requests for execution are put into effect by (1) 
Interrupts, (2) calls by other tasks, (3) calls by the 
periodic scheduler, and <4) computer operator command* 
When the executive activates a task, it first locates 
where the task is stored, allocates the required pe- 
ripherals end flies as defined by the task definition 
data, loads the task Into main memory (assuming the 
task Is not a resident program in main memory) , and 
grant® It control. An important feature (often called 
look down or look bel ind) Is the capability of the r*x« 
executive to activate a lower priority task when any of 
the resources required by the highest priority task are 
being utilized elsewhere and thus temporarily not a- 
vailable. 

Thus, on a priority basis, the executive controls 
allocation of the resource - CPU time. Similarly, dur- 
ing task activation, the executive also controls allo- 
cation of other resources - peripherals, bulk memory 
files, and main memory. Assignment of peripherals and 
bulk memory files may be static or dynamic and may be 
.on a sharable or non-sharable basis. However, most im- 
portant is the allocation of main memory, for it has 
the greatest Impact on the system workload capability* 

Tasks are either main memory resident or bulk 
resident* A typical main memory map of an energy con- 
trol center is shown in Figure XV-2* The bulk resident 
tasks execute in the overlay area* The allocation of 
overlay is either dynamic or based on a fixed map. Dy- 
namic allocation methods include: 

(1) Software relocation baaed on modification of 
instruction addressees during the loading 
of the task* 

(2) Hardware relocation based on the hardware ad- 
dition of a base register* 

(3) Memory mapping where a task is divided into 

minimum - else increments, usually called 
pages, and scattered about main memory where- 
ever available space exists. Hardware regis- 
ters keep track of the 1 yeical location of 
the if i I 


FEATURES OF A REAL-TIME OPKRATIHG SYSTEM 

1* Task queuing based on software priority levels 

2. Preemption of low priority tasks for higher priori- 
ty tasks 

3* look behind 

4, Roll in/roll out 

5* Program non-interruptable status 

6, Automatic scheduling of periodic tasks 

7. Overlay of program segments 

B* Inter-task cotwatmications to allow sharing of data 
and logic 

9. Task requesting execution of another task with fa- 
cility to pass parameters 

10. Real memory allocation providing for common data 
area, resident tasks, non-rollable tasks, and roll- 
able tasks 

11* Foreground /background capability 

12* 1/0 control system with queuing mechanism for opti- 
mization of multiple I/O requests 

13* Threaded I/O queues per I/O channel allowing mul- 
tiple requests for the same device to be held on 
priority basis 

14. Minimum latency algorithm for diak transfers 

15. Software interaction through task names, data names 
and operational labels rather than physical ad- 
dresses 

16. Automated SYSGER facilities 

17. System performance monitoring 

TABLE 1V-1 


In each dynamic allocation case, the executive 
searches main memory for available space. The key fea- 
ture in either the dynamic or the fixed case is roll 
in/roll out (also celled task checkpointing) - die cap- 
ability to temporarily transfer an active lower priori- 
ty task to bulk memory (to a roll-out area) when a] 
higher priority task requires execution and sufficient 
unused space is not available. 

Which is preferable - fixed map or one of the dy- 
namic methods? Today, most large control centers are 
being Installed with dynamic allocation* Fixed nap is 
being employed mainly on snail systems. The fixed map 
must be initially laid out with the ultimate system in 
mind. Such consideration minimizes the programmer ef- 
fort to map each new task added as the system grows* 
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Vi SMi through a background monitor package. Capability 
fto update the data base and CRT displays Is provided by 
th* system supplier through generation programs that, 
depending on the supplier, may be either foreground or 
background programs, 

1, Foreground /Background 

Background i I by definition either the lowest pri- 
ority level in tie system or a limited class of pro- 
grams and la interrupt/ le and Tollable by higher pri- 
ority tasks. Background programs are accociated with 
support activities. Foreground programs are all on- 
line, periodic or demand tasks essential for system op- 
eration, Foreground programs perform the daily real- 
time and operator-requested operations. The fore- 
ground programs should be protected (protection from 
modification or destruction of instructions or data) 
through hardware, software, or procedural methods from 
programs executing in background, * 

2, Batch Processing 

Background programs, being the lowest priority or 
a limited class, execute in a batch mode. This back- 
ground job stream Is initiated by a programmer through 
a programmer 1 2 3 4 5 6 7 a terminal, typically a keyboard-printer 
or compatible CRT, The programmer Interacts with the 
background monitor through a conversational job control 
language. Jobs and job control instructions are Input 
from cards or tape; source and object files are main- 
tained on disc and tape; and output Is to the line 
printer, magnetic tape, disk, or other output device 
such as an X-Y plotter. Using these peripherals and 
the facilities of the background monitor, the program- 
mer can assemble, compile, load, test, debug. Integrate 
and execute programs. 

3, Assemblers 

The asseSEIer converts assembly language source 
code Into object code which serves en an Input module 
to a link and load program. Important assembler fea- 
tures Includes 

1) Macro definition - capability for user to 
write his own assembler source instructions 
to define frequently used operations, 

2) Conditional assembly - capability to mark 
certain source instructions and then to as- 
semble either witt* or without those instruc- 
tions, Thus* for example, code useful In 
test and debug can be assembled in for test- 
ing, but out for final integration. 

Jeer output should Include: 

1) Absolute or relocatable object code 

2) Source arid object listings 

3) Error messages and diagnostic data 

4, Compilers 

de compiler converts high level language source 
:ode, into object code which serves an Input module to a 
Link and load program. While some use has been made of 
XJBOL and ALGOL, FORTRAN XV is by far the most coranon 
tigh level language. The FORTRAN IV should be compati- 
ble with ANSI X3.9 1966 specifications. Furthermore, 
:he following real-time extensions ere of values 

1) Bit, byte, half word, word, and double word 
manipulation 

2) Interaction with real-time data base 

3) Inter-program communication and control flow 

4) Multi-dime osional arrays 

5) In-line assembly language and assembly lan- 
guage subroutines 

6) Conditional compilation 

7) Capability to call executive services 


More and more, FORTRAN is being used for all but 
the most time critical application functions such as 
the interrupt driven routines, the routines related di- 
rectly to. hardware, and those requiring a considerable 
amount of tight bit and byte manipulation. As a result 
of this extensive use of FORTRAN, the compiler's capa- 
bility to optimize code has become very valuable. The 
compiler should be multiple-pass with code optimisa- 
tion, preferably block or global, aimed primarily at a 
reduction in run-time but also secondarily at a reduc- 
tion in required main memory storage. 

As with the assembler, comprehensive error and di- 
agnostic messages are useful. 

5. Utilities 

While the term utilities is sometimes used to cov- 
er all system support software* it will be used here to 
cover link and load* test and debug, integration, and 
editing facilities , 

The link and load facility, sometimes called link 
editor or just loader, is used by the programmer to 
convert defined object modules into an executable load 
module. The facility should include the capability to 
link together individual object modules which consist 
of one or more programs that have been compiled and/or 
assembled , During the link and load process, data def- 
initions external to the Individual object modules are 
referenced to one another and to the system's common 
data base. Once tested and Integrated, the executable 
load module can become a task in the reel-time system. 

Thus * test and debug facilities are required so 
that the user can be sure the program is functioning 
properly before it is integrated. Facilities should 
allow the test and debugging of programs in a manner 
that will not Jeopardise real-time operation. In prac- 
tice, background work Including test and debug la usu- 
ally performed on the back-up computer in a duel com- 
puter system. This practice not only Insures the safe- 
ty of the real-time operation, but also means quick 
turnaround since background in the back-up need not vie 
with the myriad of foreground programs for CPU time. 
The user should be able to accomplish testing using 
both test data and real system data. Capability to use 
real system data in a mirror- image back-up system per- 
mite testing In a simulated real-time environment. Im- 
portant debug capabilities include trace, snapshot, and 
memory and register alter and dump. 

Once the program is tested, the user is ready to 
add it to the system, perhaps as a real-time program to 
run periodically or c ybe a study program to be called 
on demand. The program may be a new function or a re- 
placement for an existing program* Integration facili- 
ties allow the user to define the task to the operating 
system - to allocate bulk storage and to set up or mod- 
ify task definition tables in the executive. 

To maintain source and object modules, the user Is 
provided with editing facilities. Source editors are 
often termed source update programs; while object 
editors are often called library update programs or 
library editors. Source is usually stored on tapes; 
while object is usually stored in bulk memory. Facili- 
ties should be included to add, delete/ or modify spe- 
cific line or lines of source code via record or 
sequence number and to obtain an updated listing. 
Similar facilities should be provided for object mod- 
ules where these modules Include system libraries such 
as math and scientific subroutine libraries. Capabili- 
ty should be included to store the modified code separ- 
ately from the original so that the original could be 
retained as long as desired. 

6. Display and Data Base Generation 

the organization of displays and the data bate Is 
rather unique to the electric power control applicat- 
ion, and for this reason software for maintenance and 
expansion of the data base, displays, and logs is usu- 
ally created by the system supplier rather than the 
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computer supplier* During the lifetime of a system, 
existing functions and remote stations will be expanded 
and nm functions and remote stations will be added , 
thus expanding the data base and number of displays and 
logs. Data base, display, and log generation programs 
are absolutely essential to minimize the programming 
effort to maintain any large control center* Details 
on generation programs are given in the "Display Sub- 
system" portion of tNs Tutorial. 

Automatic Start-Up and Failover 

The automatic start-up and failover hardware and 
software is designed to maximize the availability of 
critical system functions within the constraint of the 
number of dollars available. Along with this primary 
goal, & balance must be achieved between two secondary 
goals? 1) minimize loss of information as a result of 
switching equipment of systems and ‘2) minimize the in- 
crease in CPU and I/O loading due to the execution of* 
security software* An important and sometimes over- 
looked aspect in reaching the goal of maximum avail- 
ability is the minimizing of failure rate increase due 
to failures in the hardware and fallibility in the 
software that is dedicated to error detection and 
recovery {5]. The following paragraphs describe soft- 
ware features and functions related to failure detec- 
tion and recover. This software operates in conjunc- 
tion with the failover hardware and redundant or backup 
equipment described in "Computer Hardware*" Section 
III. The discussion is based on the common symmetrical 
redundant on-line system - back-up system. 

1. Malfunction Detection 

The first step in maximizing availability is the 
detection of errors. Errors can be hardware or soft- 
ware* Hardware errors result from either temporary. 
Intermittent, or sustained hardware failures. Software 
obviously does not fail, but it can contain desian and 
coding errors. Errors must be detected, and recovery 
action varying from retries to failover must be taken. 
An undetected error can cascade causing more severe 
failure of the system and greater difficulty in isolat- 
ing the original cause. 

Some examples of malfunction detection techniques 
are as follows: 

1) Data transfer error codes - For example, par- 
ity bits i % typically associated with m& i 
memory read* and such I/O devices as magnetic 
tape and discs* In these cases, recovery 
techniques Include retries* restarts, and 
when required, failover* 

2) Interval timers - Peripheral device failure 
is often detected through the device’s fail- 
ure to respond to a request after a certain 
period of time. The elapse of a timer sig- 
nals the failure to respond, and if multiple 
retries are unsuccessful, the device would be 
declared failed. Then depending on the de- 
vice, device backup or system failover could 
be Initiated. 

3) Traps - Errors such as non-existent memory 
access, un implemented instruction, or memory 
protect violations result in a trap. De- 
pending on the nature of the fault, the trap 
routine could Initiate a retry, a restart, or 
a failover. 

4) Data acquisition error codes - Error coding 
such as Brae-Chaudhurl is employed in data 
acqulstion and control communications* De- 
tected code errors can result in retires, 
back-up or failover, depending on the nature 
of the situation* 

Every time an error Is detected, the system oper- 
ator should be alerted via an error message display 


and printout* Necessary system status data should be 
included in the printout* Printouts are also helpful | 
for 'later fault location. 

Once an error is detected, the system attempts' to 
recover in a manner resulting in minimum Impact on real 
time system operations* As indicated in the above ’ 
examples, a simple retry may be attempted or restart or 
failover *aay be required* Initialization, restart, and 
failover are discussed below, 

2 Initialization 

Initiaiization Is the start up of the system using 
an initialized copy of the data base. The stored ini- 
tialized copy is pre-defined and unaltered during nor- 
mal system operation. Initialization Is useful during 
factory integration and test when a clean start can be 
preferable to using the latest copy* However, once the 
system is operational, initialization is of little use 
as a recovery mechanism because the initialized copy 
quickly becomes outdated and thus the impact on the 
system would be too great, 

3, System Update 

System update so ftwar e maintains the latest saved 
copy of data used in both restart and failover. lie- 
start and failover may be initiated either automatical- 
ly or manually. Once initiated, automatic and manual 
result in the same procedure. Periodically, typically 
one to five minutes, certain main memory resident data 
are snapshotted onto both the on-line and back-up 
bulks. Types of data saved by this checkpointing pro- 
gram include dispatcher-entered values such as over- 
rides, limits, and schedules plus certain system status 
data* Telemetered values need not usually be saved 
since they are re-acquired when the system restarts. 
The big question is how often to save the data. The 
more often data is saved, the less likely any will be 
lost during failover. However, more frequent updates 
increase CPU and I/O loading lowering the ultimate ca- 
pacity to perform control functions. A typical com- 
promise has been three minutes but the answer is really 
user dependent and may be varied during the life of the 
system* 

4* Automatic Restart 

Automatic restart is Initiated when the possibili- 
ty exists that the on-line system can recover from the 
detected error without having to failover. Automatic 
restart obviously h i less impact than failover on the 
system. The orderly restart of the system typically 
includes the following sequence of operations: 

1) Interrupts disabled 

2) Executive’s <ueue cleared 

3) Copy of executive and checkpointed data base 

is read from bulk to main memory • 

4) Periodic programs added to queue 

5) Execution begins 

6) Interrupts armed and enabled 

7) Operator informed of new state 

8) Operator allowed to enter new time and date 

Automatic restart normally takes less than ten 
seconds and results in minimum loss of information. A 
manual restart would also result in the same process. 

5* Automatic Failover 

Failover to the back-up system is automatically 
initiated whenever the master f s operation is unaccept- 
ably impaired, such as the case of reoccurring traps, 
or whenever the master falls to update the deadman 
timer, indicating it is either dead or hung up. Fail- 
over is the orderly transfer of operations to the back- 
up system. Heeded peripheral devices, man-machine In- 
terface, and data acquisition hardware are automatical- 
ly switched to the back-up. An automatic restart of 
the back-up is performed, and it then becomes the on- 
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line master. The old neater is pieced off-line* Typi- 
cally, automatic failover is accomplished in no more 
than twenty seconds. 

The system operator may observe a malfunction not 
detected by the software and determine a failover is 
required. Manually initiated failover also must follow 
the same procedures* * 

6. Device Back-Ur 

Automatic back-up »f a failed device is performed 
in order to retain the function performed by the de- 
vice. Back-up may be to an identical device or to a 
similar device capable of performing the function. The 
back-up device may be a dedicated back-up for one or 
more operating units, or it may be an operating device 
that would have to perform its own function plus the 
failed function. Mon-critical devices, such as X~Y 
plotter, will probably have no back-up* * 

When a device fails, the operator should be in- 
formed of the failure and the new back-up device, if 
any. The back-up should be automatic and require no 
programmer or operator modifications to the system. 
Multiple levels of back-up should be defined where pos- 
sible. Of course* the operator must have the capabil- 
ity to initiate the transfer to a back-up when he 
detects a problem. 

D. Diagnostics 

Diagnostics are programs used to locate hardware 
failures. Three levels are usually available: 

1) On-line, run under the operating system 

2) Off-line, rim under a diagnostic executive 

3) Off-line, stand alone 

A diagnostic is designed for a specific device 
such as a specific type of CRT display unit or for a 
sub-unit such as the main memory of the computer. 

1. On-Line Diagnostic 

On-line diagnostics are often called on-line exer- 
cisers because of the limited testing that can be per- 
formed on-line* On-line testing cannot be permitted to 
disrupt critical real-time operations. Thus, at most, 
a test pattern could be output on a device such as one 
of many redundant CRTs. In fact, it is often said that 
the real-time operations are the best exerciser of the 
system. Generally, a- line diagnostics are of ver 
limited value and are certainly the least important 
level, the main use being the periodic testing of 
equipment haveing relatively low level of use. 

2. Off-Line Diagnostic 

Off-line diagnostics are important tools for the 
maintenance engineer. Typically when a problem occurs, 
it is reported by the malfunction detection program or 
noticed by the operator. Depending on the location of 
the problem, either the system is failed over or the 
problem device is transferred off-line. The failed 
component could be made part of the back-up system, and 
an attempt could be made t© duplicate the problem to 
further identify it. A series of diagnostics can be 
run under the diagnostic executive to locate the of- 
fending device or subassembly. The diagnostic execu- 
tive also permits multiple components of the computer 
subsystem to operate in an environment which approxi- 
mates a simplified operating system. Thus, malfunc- 
tions due interrelated operations may be Isolated with- 
out the complexity of system operation. Then the 
appropriate stand-alone diagnostic is run to pinpoint 
the problem. Pinpointing Is done to the replacement 
level. Thus, for card replacement the failed card is 
identified. The existence of a mirror-image system 
greatly facilitates the rapid location of failures. 
Visible indicators showing the present assignment (on- 
line or back-np) of every device should be included to 


facilitate maintenance and testing. 

V. COMF1 GURATION SELECTION 
AMD PERFORMANCE AHALYSIS 

Configuration selection and performance analysis 
are based on the scope of the application as defined by 
the user in his purchase specifications. The user’s 
specifications should define the functions to be per- 
formed, describing th desired capabilities and fea- 
tures, and should define both the initial and projected 
ultimate size of the application. This information 
allows prospective suppliers to size up the applica- 
tion, select what appears to be the appropriate config- 
uration, and analyse its performance against both 
initial and ultimate requirements. Modifying and re- 
analyzing as necessary, the supplier arrives at his 
most appropriate and cost-effective configuration com- 
plete with estimated performance data. 

A. Sizing Up the Application 

For the vendors to be able to size up the applica- 
tion, quote the appropriate configuration, and provide 
pertinent performance estimates, it is necessary that 
the buyer define the initial and ultimate scope. The 
key parameters defining the scope as related to the 
computer subsystem are detailed in the following para- 
graphs* 

1. Data Acquisition Requirements 

Computer main and bulk memory requirements are a 
function Of the number of remotes scanned and the total 
data scanned. CPU and I/O loading are a function of 
the amount of data scanned per second and the number of 
remotes scanned per second. Thus, the buyer should 
specify (for both initial and ultimate levels) each 
remote to be scanned, giving the number of status, 
status with MCD (Momentary Change Detection), analogs, 
and accumulators and the scan rates. Any special fea- 
tures such as Sequence of Events should also be de- 
fined. 

2yi Man-Machine Interface (MMI) Requirements 

The important MMI parameters are the number of in- 
dependent CRT monitors and the desired update rate. The 
CPU and I/O loading due to MMI is primarily a function 
of the number of CRT updates per second. For example, 
the buyer may request 12 CRTs Initially, plan on 16 
ultimately, and require a four-second update rate. 
Thus, if all CRTs had updating displays on them, three 
updates per second would be required initially and four 
ultimately. The total number of display's impacts bulk 
storage, but the vendor can estimate this number based 
on the number of remotes and the application programs 
to be included. 

3. Application Software Requirements 

The specific functions to be performed should be 
defined for they have major impact on main memory size 
(particularly overlay area), CPU loading, and bulk I/O 
traffic. The required capabilities and features should 
be specified. For example, is the load flow to run on 
real-time data, study data, card inputs, or all three? 
What Is the size of the load flow (number of lines and 
busses)? What features such as automatic tap changing 
are required? How many contingencies are to be analyzed 
per hour? When such requirements are not specified, 
great variations in vendor interpretations may result* 

4. Availability Requirements 

The most typical way to define required availabil- 
ity is to state the desired level. For example, the 
calculated availability (See Section III. I. 2) of all 
critical functions shall be 99.9% where critical func- 
tions consist of 90% of the data acquisition, automatic 
generation control, and man-machine interface. Another 
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common a pp loach .is to require a field test of 90 days 
demonstrating 99*8% availability of critical functions* 
Short-term tost requirements are almost always less 
than calculated values - expected performance over the 

lifetime of the system* 

To insure a certain level of availability, it may 
be necessary to specify a dual, redundant configuration 
for alt critical components and to request an availa- 
bility diagram and .lculation. Most proposed duf " , 
redundant systems will calculate out to 99,9% or 
better. 


5* Loading Requirements 

The buyer should request CPU and bulk I/O loading 
calculations for both initial and ultimate sizes* The 
calculations should be for normal, average loading 
based on reasonable user assumptions of normal activ- 
ity, The vendors should be required to detail any 
variations from these assumptions** Unreasonable cri- 
teria may substantially increase the cost of the sys- 
tem, bias the performance of the system, or cause some 
bidders to take exception, thus losing the comparison. 
The buyer should state the range of loading he is look- 
ing for. While Individual requirements will vary de- 
pending on the number of functions the user plans to 
add to the system during its lifetime and the uncer- 
tainty of the ultimate scope, typical figures are 40% 
to 50% CPU load initial and 60% to 70% CPU load ulti- • 
mate. For each buyer it is a case of determining the 

appropriate balance between 1) system response and ex- 
pansion capability and 2) dollars to be spent, 

6* Expansion Requirements 

Spare main and bulk memory are major expansion 
parameters of the computer subsystem. Certainly, suf- 
ficient main and bulk memory should be supplied to meet 
the ultimate scope of the application. However, typi- 
cally for the user's own use and as a margin of safety, 
at least 10% spare main and 25% spare bulk (10% and 25% 
above initial requirements) should be requested for the 
initial system, and field expansion should allow for at 
least 25% spare main and 50% bulk over the defined 
ultimate* 

7 * Background Usage 

In order to have proposed the appropriate types 
and numbers of programmer I/O terminals and I/O equip- 
ment, the buyer she aid either specify the types f-nd 
numbers desired or describe the expected level of pro- 
gram development and system mainet nance and expansion 
activity, 

8* Special Features 

The final major items to define are the special 
features. For example, is this system part of a hier- 
archtal structure such that communications with other 
computers are required? What is the nature of these 
communications? Is existing equipment to be interfaced 
with? 


Different computers vary by these factors and many more 
including word size. 

The selection of the computer is not really a sep- 
arate step from the selection of the configuration, be- 
cause the resulting configuration may consist of a 
number of different computers or computer models. 

2. Configurations 

The dual, redundant system is the most common con- 
figuration . [6]. Two typical implementations are -shown 
in Figure V-1A* In the one case each side consists of a 
single computer. This single computer must contain all 
the deisred real-time features and performs all the 
functions specified for at least the initial scope. In 
the other case, each side consists, of multiple com- 
puters s one acting as the primary machine containing- 
all the necessary real-time features, doing a portion 
of the required workload, and scheduling the workload 
for the others where each of the others acts as a pro- 
cessor dedicated to certain pre-defined tasks. Such 
dedicated tasks include data acquisition, man-machine 
interface, and large computational applications. As 
shown by the dotted lines in Figure V-1B, dedicated 
processors can be cross-strapped to work with either 
primary machine. Cross-strapping can improve availa- 
bility but can only be employed where interfaces 
between the machines are such that a failure in the one 
eystem cannot cascade into the other. 

A number of earlier Installations consisted of a f 
single computer with analog backup. Such an approach 
minimized initial cash outlay and provided a fie.K 
proven back-up for the system's key function, automatic 
generation control. Today, auch an approach is not the 
favored approach for a large control center, because: 

1) A back-up computer system has proven extremely 
useful for system maintenance and expansion, 
running of off-line study programs, and trou- 
bleshooting. 

2) Digital Computer control is field-proven. 

3) Computers now provide critical security func- 
tions that cannot be backed up by analog e- 
quipment. 

4) Cost of the back-up system is a relatively 
small percentage of the cost of the entire 
control system. 



B* Computer System Selection 

Based on • specification that scopes the applica- 
tion, a system supplier is able to select the computer 
having the necessary hardware and software capabilities 
and features, configure the computers to provide the 
required CPU power and availability, and select the 
types and numbers of peripherals to provide specified 
functions at a specified level of availability. 

1. Computer 

Host system suppliers have a number of computers 
or a number of models of the same computer from which 
to select. Typical variations within models include 
main memory speed, memory size limit. Instruction 
speeds, I/O bandwidth, floating point implementation, 
system software features, and supported peripherals. 
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Another feasible approach would be a distributed 
processor configuration similar to the one shown in 
Figure V-2. The authors know of very few installations 
that could be classified distributed processing [6], 
In this type configuration, there is no symmetrical 
back-up system to the on-line system* Back-up is 
achieved by either having one computer be a dedicated 
back-up or by having a degraded back-up with a computer 
having to do its function and the function of the 
failed processor. Eac' processor has its own set of 
casks, but none usually acts as a primary controlling 
machine. Inter-processor and inter-task ceontuh lent ions 
and access to common data is through some combination 
of coOTQuni cat ions channels, shared main memory , and 
shared bulk storage. - The present risk In selecting 
such a configuration is thatts 

1} It is the least common approach in electric 
power control applications* * 

2) Its performance relies heavily on the success 
of the communications and resource-contention 
schemes* 

3) It does not provide the mirror- image system 
that is so useful in troubleshooting and pro- 
gram testing* 

4) The availability Of the individual processor 
must be much higher than that of a large com- 
puter that could handle the entire application 
in order to have the availability of the dis- 
tributed procesaor configuration approach, 
that of a dual computer system* 

5) Each computer must be uniquely engineered and 
SYSGENed , unless they are all oversized to 
keep them common* 

With the performance of hardware and cost of 
engineering and programming going up, this approach 
should not be attractive in the near-term future. 

3* Peripherals 

The selection of peripherals is also not indepen- 
dent of the computer selection, because supported per- 
ipherals may even vary between computer models. The 
key factors in peripheral selection are overall work- 
load, the user’s plana for his own programming and 
expansion activities, and special applications* The 
selection of the type, number, and storage capacity of 
the disks is directly related to the defined workload 
and the computer config ration* The programmer ter- 
minal equipment, the sped and number of card readers, 
the speed and number of line printers, and the number 
of magnetic tape units are directly related to the 
planned programming and system expansion activities* 
Historical data storage requirements may necessitate 
additional disk capacity or magnetic tape units* 
Special application programs may require an X-Y plotter 
or trending capability* 
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4* Making the Selection 

Given the options above, how does the system sup- 
plier arrive at his best solution? Typically,, he will 
ball park the CPU loading required by the average num- 
ber of remotes and amount of data to be scanned per 
second, the average number of CRTs to be updated per 
second, and the total application program loading - the 
programs required, the sizes of the models, the fre- 
quency of exeuction, and the special features required. 
It all these require* its (ultimate plus spare) can be 
accomplished by a single computer (computer standard to 
that supplier) having the necessary real-time features, 
then a majority of suppliers will select the symmet- 
rical dual, redundant configuration,, This approach is 
the most field-proven, least, complex, and easiest to 
field expand to reach the ultimate scope* 

However, there are two other possibilities* The 
supplier may offer a dual, redundant system that meets' 
the initial requirements and that can be* field expanded 
by the addition of dedicated processors to form a 
multiprocessor configuration capable of meeting the 
ultimate requirements* The advantage is the reduced 
initial cash outlay and shorter initial delivery. The 
disadvantages are the extra coat involved in field ex- 
pansion over factory implementation of the entire sys- 
tem, the greater interruption and risk involved in 
field additions, and the loss of the added capability 
prior to the field expansion* Because of the above 
reasons, this approach has been planned more often than 
it ha a been accomplished* 

The second possibility is that the supplier will 
quote a multiprocessor configuration even though he has 
a single computer that could do the job* He may do 
this if he can achieve significantly reduced hardware 
costs or if the smaller computers were better suited to 
the real-time application* These advantages must be. 
weighed against the increased risk and complexity of 
the solution* 

When the scope requires multiple computers* the 
supplier may be able to quote a dual, redundant multiy 
processor configuration if his computers are designed 
for that purpose. The function of the dedicated pro- 
cessors are to off-load the primary computer* The 
scope of the data acquisition, man-machine interface, 
and application computations determines the number and 
capability of the dedicated processors and division of 
tasks* Cross-strapping of redundant processors between 
primary computers la employed where possible to in- 
crease availability, 

C* Validating the Selection 

Having made an initial selection of computer sub- 
system equipment and configuration, the prospective 
supplier should calculate expected performance. The 
key computations are CPU loading for each processor and 
I/O channel loading for each major channel (within the 
computer subsystem, bulk I/O loading ia the most criti- 
cal). In determining the average percent CPU and I/O 
loadings under normal conditions, the average loading 
due to each task should be specified and all assump- 
tions should be defined* Average loading rather than 
peak loading is calculated, because the peak load ia 
always 100%, i*e,, the CPU is either executing or idle* 
Furthermore, and more important, whenever there is 
active a background task or low priority, long running- 
study, the CPU will be 100% loaded (assuming no other 
resource constraint, exists) until the task is complete* 
It will uae all spare CPU time* 

The supplier must alao define the information flow 
and insure the integrity of the data* Commuaication 
protocol between processors and between processors end 
peripherals must be established* Where common data is 
shared among processors, contention procedures must be 
established* . . ^ % 

Availability diagram and calculations should be- 
made* The supplier should be able to state that there 
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is no single known hardware contingency that could 
cause the complete loss of any critical function* The 
supplier should also describe the precautions taken to 
isolate the on-line system from the back-up system so 
that a failure in one cannot avalanche into the other* 

The analysis that each prospective supplier pre- 
pares not only allows him to establish his best com- 
puter offering, but also helps the buyer to determine 
the adequacy of the proposed system and the relat ve 
comparison to other proposed systems* The final 
measure of a proposed computer subsystem includes this 
analysis plus other key considerations such as; 

1) How experienced is the supplier in providing 
such a level system? What is the past experi- 
ence of my company and other companies in 
dealing with this supplier? 

2) How field proven are the .approaches the sup- 
plier proposes? 

3) How much does the computer subsystem cost? 
What provisions for future expansion have been 
included? 

4) Does the hardware and system software provide 
all the necessary real-time and user features? 

5) Dpea the supplier support the entire offering 
with documentation, diagnostics, spare parts, 
training, and factory testing? 

VI* SUMMARY 

The authors hope that this computer subsystem 
review will help the prospective EC C purchasers under- 
stand and specify computer hardware and software* As a 
wrap-up, the authors thought that a list of hardware 
and software in an "average, basic" ECC computer sub- 
system would be apprdpriate, It is not a "typical" 
system, for every system has its unique differences de- 
signed to meet unique requirements* However, the fol- 
lowing could be considered a basis (one of several pos- 
sibilities) from which to build a large ECCt 

1* Two 32-bit computers each with 128K main mem- 
ory, 16 priority Interrupts, and a real-time 
clock 

2* Two 12 megabyte fixed head discs 

3* TWo 20 megabyte moving head discs 

4* Two magnetic tapes 

5* Two programmer 1/6 typers 

6. One card reader 

7. One high speed line printer 

8. Computer's I/O equipment capable of servicing 
for example, a) 4 consoles, each with three 
CRTs and each with one logger; b) a mapboard; 


c) recorders; d) the required number of remote 
stations; and e) local inputs 
9, Real-time operating system 
10* Support software including assembler and For- 
tran IV compiler 

11. Data base, display, and log generation pro- 
grams 

12* Automatic start-up and failover 

13. Diagnostic 

14. Capability to expand main memory, bulk memory, 
and the number of peripherals* 

Options to be considered include; 

I* Additional magnetic tape units if these units 
are to become part of the real-time operation 
(e*g* , historical data storage)* 

, 2* Second card reader and line printer if exten- 
sive program development and system mainte- 
nance and expansion activities are planned* 

Option not usually advisable is the card punch, 
whose cost generally far outweighs its use* 
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